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Abstract
III-nitridewaveguides featuring AlInN claddings andGaN/AlGaNquantumwells (QWs) offer
promising perspectives for applications inmany ﬁelds of short-wavelength photonics. Thanks
to their nearly lattice-matched nature, these structures exhibit an excellent material quality,
leading, e.g., to strong light-matter interaction in suchQWs, and several promising phenom-
ena.
In the low carrier density regime, the strong coupling between QW excitons and waveguide
photons results in propagating hybrid light-matter particles, called (exciton-)polaritons, which
combine photon-like propagation and exciton-like interactions. These interactions lead to a
strong optical nonlinearity, which could be useful for integrated all-optical devices. Due to their
strong exciton binding energy (∼40meV in the present structures), III-nitride devices have the
potential tomaintain these nonlinearities up to room temperature.
In the high carrier density regime, a GaN/AlGaN QW electron-hole plasma can provide gain
to an optical ﬁeld in theUV,which canbe useful for realizing near-UV laser diodes and semicon-
ductor optical ampliﬁers. The performance of currentUVdevices featuring AlGaN claddings
is limited by poormaterial quality. The improved structural quality of waveguideswith lattice-
matched AlInN claddings could therefore circumvent these issues.
This study aims at an in-depth investigation of the optical properties of III-nitridewaveguides
with AlInN claddings andGaN/AlGaNQWs grown on freestandingGaN substrates. In a sample
with an active region thatwas optimized for strong exciton-photon coupling, we observe propa-
gating polaritons in the low-density regime. A samplewith an active region thatwas optimized
for homogeneous near-resonant excitation with a 355 nm laser shows elevated optical gain
in the high-density regime. The nearly lattice-matched nature of the entire structure leads to
a high structural and optical quality. We found inhomogeneous broadening values between
8 and 11 meV, and a standard deviation in the QW emission energy well below 1 meV over a
50× 50μm2 area. We calculated the band structure and transition energies of theQWsusing
self-consistent Schrödinger-Poisson k ·p calculations and found an excellent agreementwith
experiments.
Thewaveguidepolaritons feature anormalmode splittingas largeas 60meVat low temperature,
thanks to the large overlap between the opticalmode and the active region, a polariton decay
length up to 100 μm for photon-like polaritons and a lifetime of 1-2 ps. These decay lengths
and lifetimes are limited by residual absorption occurring in thewaveguide. The large normal
mode splitting and elevated in-plane homogeneity are important assets for the realization of
polaritonic integrated circuits.
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Abstract
We also demonstrate optically-pumped waveguides exhibiting narrow bandwidth (3.8 nm)
optical gain around 370 nm. Due to the high refractive index contrast between the cladding
layers and the active region, the conﬁnement factor is as high as 48% andnetmodal gain values
in excess of 80 cm−1 are measured. The results agree well with self-consistent calculations
accounting for built-in electric ﬁeld effects and high carrier density related phenomena. As
such, these results open interesting perspectives for the realization ofmore efﬁcient near-UV
laser diodes and semiconductor optical ampliﬁers.
Keywords: III-nitrides, gallium nitride, aluminum indium nitride, lattice-matched growth,
multiple quantumwells, excitons, electron-hole plasma,waveguides, light-matter coupling,
exciton-polaritons, waveguide polaritons, strong coupling regime, optical gain
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Résumé
Les guides d’onde à base de nitrures d’éléments III comportant des gaines optiques AlInN et
des puits quantiques GaN/AlGaN sont prometteurs pour de nombreuses applications dans
le domaine de la photonique à courtes longueurs d’onde (procheUV). Comme ces structures
sont en quasi-accord demaille, elles présentent d’excellentes qualités structurales conduisant,
entre autre, au régimede couplage fort lumière-matière qui permet d’explorer de nombreux
phénomènes physiques inaccessibles par ailleurs.
Dans le régime de faible densité de porteurs injectés, le couplage fort entre les excitons de puits
quantiques et les photons de guides d’onde conduit à la formation de polaritons excitoniques
guidés, qui sont des particules hybrides lumière-matière. Ces quasi-particules combinent
d’excellentes propriétés de propagation en raison de leur part photon tout en pouvant inter-
agir entre elles via leur part excitonique. Ces interactions entraînent une forte non-linéarité
optique qui permettrait la réalisation de nouveaux dispositifs optiques intégrés. En raison de
la forte énergie de liaison excitonique ( 40meVdans les structures étudiées dans ce travail), ces
dispositifs ont le potentiel pourmaintenir ces non-linéarités jusqu’à température ambiante
voire au-delà.
Dans le régime de densité de porteurs injectés élevée, un plasma électron-trou va se former
dans les puits quantiquesGaN/AlGaNqui peut générer un gain optique élevé dans le proche
UV. L’obtention d’un tel gain est essentiel pour la réalisation de diodes lasers et d’ampliﬁ-
cateurs optiques à semiconducteurs opérant dans le gamme spectrale 330-380 nm. Les per-
formances des dispositifs UV actuels comportant des gaines optiques à base d’AlGaN est
limitée par leur qualité structurale, ce dont ne souffrent pas les guides d’onde basés sur des
gaines optiques AlInNde par la quasi absence de contraintes/déformations de lamaille ato-
mique.
Le but de ce travail est de fournir une analyse détaillée des propriétés optiques des guides
d’onde à base de nitrures d’éléments III avec des gaines optiques AlInN et des puits quan-
tiques GaN/AlGaN crûs sur des substrats de GaN. Dans un échantillon avec région active
optimisée pour le couplage fort exciton-photon, nous avons observé des polaritons guidés
dans le régime de faible densité de porteurs. Un échantillon avec région active optimisée
pour une excitation quasi-résonante homogène avec un laser à 355 nm présente un gain
optique élevé dans le régime de forte densité de porteurs. Les structures étudiées étant en
quasi-accord demaille, leur excellente qualité structurale se traduit par des valeurs de l’élar-
gissement inhomogène des puits quantiques comprises entre 8 et 11 meV, et un variation
de l’énergie d’émission des puits bien inférieure à 1 meV sur une zone de 50 × 50 μm2. La
qualité de ces structures est par ailleurs validée par l’excellente adéquation entre les résultats
issus de calculs de la structure de bandes et des énergies de transition des puits quantiques
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Résumé
reposant sur laméthode dite de Schrödinger-Poisson k ·p cohérente et lesmesures expérimen-
tales.
Les polaritons guidés observés présentent une séparation de Rabi de 60meV à basse tempéra-
ture. Cette valeur particulièrement élevée résulte du fort recouvrement entre lemode optique
guidé et la région active. Nous observons une longueur d’atténuation des polaritons guidés
de l’ordre de 100 μm pour des polaritons au caractère photonique élevé et une durée de vie
de 1 à 2 ps. Ces longueurs d’atténuation et ces durées de vie sont pour lemoment limitées par
l’absorption résiduelle dans le guided’onde. La grande séparationdeRabi et l’uniformité élevée
dans le plan des couches sont des avantages essentiels pour la réalisation de circuits intégrés
polaritoniques.
Nous démontrons également la réalisation de guides d’ondes pompés optiquement présen-
tant un gain optique sur une plage spectrale étroite (3,8 nm) autour de 370 nm. En raison
du contraste élevé de l’indice de réfraction optique entre la gaine optique et la région ac-
tive, le facteur de conﬁnement atteint 48% et des valeurs du gain modal net supérieures à
80 cm−1 sont mesurées. Les résultats concordent avec les calculs cohérents qui prennent
en compte les effets d’écrantage du champ électrique interne des puits quantiques et les
phénomènes de renormalisation liés à la densité de porteurs élevée. Ces résultats ouvrent
des perspectives très prometteuses pour la réalisation de diodes lasers et des ampliﬁcateurs
optiques à semiconducteurs opérant dans le proche UV plus efﬁcaces que les dispositifs ac-
tuels.
Mots-clés : nitrures d’éléments III, nitrure de gallium, nitrure d’indiumet d’aluminium, crois-
sance en accord demaille, puits quantiquesmultiples, excitons, plasma électron-trou, guides
d’onde, couplage lumière-matière, exciton-polaritons, régime de couplage fort, gain optique
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Introduction
III-nitride (III-N) semiconductors, and especially galliumnitride (GaN), have allowed several
technological breakthroughs over the past two decades, thanks to interesting properties such
as their large bandgap as well as their thermal and chemical robustness. This culminated in
the 2014 Nobel Prize in Physics for the invention of efﬁcient blue light-emitting diodes which
has enabled bright and energy-saving white light sources, thatwas awarded to IsamuAkasaki,
Hiroshi Amano and Shuji Nakamura [1]. A ﬁrst important step was the realization of p-type
doping in GaN epilayers reported by Amano et al. [2] through activation of Mg acceptors by
low-energy electronbeam irradiationand the alternative activationmethoddevelopedbyNaka-
mura et al., based on thermal annealing [3]. This led to the development of high-brightness
blue light-emitting diodes (LEDs) [4] and laser diodes (LDs) [5]. These blue LEDs form the
basis of the efﬁcient white LED that is ubiquitous in present-day lighting. Blue III-N LDs are
for example used for high-density optical data storage, such as Blu-ray disc readers, which
can store 2.28GB/cm2 per layer [6] using a laser spotwith a diameter of 580 nm [7]. Addition-
ally, III-nitrides are used in high electronmobility transistors (HEMTs) for high-temperature,
high-power, and high-frequency electronics. These applications render III-nitrides currently
the second semiconductormaterial family after silicon in terms of totalmarket share, and the
dominatingmaterial system in optoelectronics.
The III-Nmaterial family isparticularly interesting foroptical applicationsdue to its strong light-
matter interaction, which is a direct consequence of their direct wide bandgap. This leads to in-
terestingphenomena, suchas thestrong light-mattercouplingregime,wherephotonshybridize
with excitons,1 and optical gain, which is the core process in the operation of lasers and optical
ampliﬁers. In this thesiswork,we investigate thesephenomena inplanarwaveguides, operating
in the nearUV spectral region, where the opticalmode is conﬁned via total internal reﬂection.
Optical waveguides operating in the strong light-matter coupling regime are a promising plat-
form for applications in photonic integrated circuits. Such integrated circuits have a large
potential in the ﬁeld of information technology. The footprint of an optical device can be scaled
down to the optical wavelength, while its clock rate could be scaled up to the order of optical
frequency [8]. The latter ranges from200 THz at 1550 nm to 750 THz at 400 nm. Optical devices
require very little energy, as photons can travel nearly lossless, with loss rates on the order of
0.3 dB/cm in silicon photonic devices around 1550 nm [9].
1An exciton is an electronic excitation consisting of a conduction band electron and a valence band hole, which
are bound byCoulomb interaction.
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One of the inherent difﬁcultieswith all-optical devices is the lack of interaction between pho-
tons,2 whichmakes it nearly impossible to directlymodify a light beamwith a second one. A
nonlinearmedium is therefore required to couple two optical signals.
Incaseof anonlinearall-opticaldevicemade fromtraditionaldielectricmaterials, typical values
for the nonlinear refractive index are on the order of 10−16 cm2/W [11]. This implies that large
intensities on the order of 1015 W/cm2 are required to operate such a device. Present plasmonic
alternatives, where interaction is possible through the electronic part, are inherently lossy [12].
An interesting pathway to realize such a nonlinearitymakes use of exciton-polaritons, hereafter
called polaritons, in the waveguide geometry. Polaritons are quasiparticles that arise from
the hybridization between a (conﬁned) photon mode and a semiconductor exciton in the
strong coupling regime (SCR) [13]. As a consequence of this hybridization, their properties are
intermediate between those of photons and excitons. As such, they beneﬁt from the best of
bothworlds. Polaritons can propagate at near light speed and interact through their exciton
fraction. This makes them ideal candidates for low-power active all-optical devices such as
switches, optical transistors and logic gates [14, 15]. A polariton-based device, combines a
strongnonlinearity–ontheorderof10−10 cm2/W–withavery fast response timeontheorderofa
fewpicoseconds [15, 16]. The realizationofwaveguidepolaritons in III-Nstructures,whichhave
previously shownpolariton nonlinearities inmicrocavities up to room temperature due to their
elevated exciton binding energy [17, 18], would be an important step towards practical devices.
Besides the success story of III-nitride emitters in the blue-green part of the spectrum, they also
ﬁnd applications in theUV. EfﬁcientUV light sources are a key enabling technology for appli-
cations inmany areas such as photolithography, polymer curing, high-density data storage, gas
sensing, water disinfection (in the 230-300 nm spectral region), dermatological phototherapy,
andUVﬂuorescence [19]. Recent advances in III-nitride LEDs and LDs have resulted in large
improvements in these ﬁelds, withmore compact, robust, and power-efﬁcient devices com-
pared to conventional technologies, often based on large and toxicmercury lamps or gas lasers.
However, as a general trend, III-N-based UV light sources exhibit decreasing device perfor-
mancewith decreasing emissionwavelength [20, 21], as illustrated in Fig. 1. This is a result of (i)
valence band ordering effects that prevent surface emission in Al-rich c-plane oriented devices
[22], (ii) reduced p-type conductivity, due to increasing activation energy of theMg-acceptor
with increasing bandgap, and (iii) reduced material quality for AlGaN alloys with increasing
AlNmole fraction. ForUV-C devices, which are emitting below 280 nm, great progress has been
made regarding (iii), thanks to the progressive availability of bulk AlN substrates [23].
Although III-N LEDs have been demonstrated with emission wavelengths down to 210 nm
[24], the shortest emission wavelength demonstrated to date for LDs is 336 nm [25]. Shorter
wavelength operation requires either optical [23] or electron beampumping [26]. Because of
2The linearity ofMaxwell’s equation results in the superposition principle of electromagnetic ﬁelds. Therefore,
photon-photon scattering is classically forbidden. It is a weak quantum electrodynamical effect that has been
observed for huge electric ﬁelds on the order of 1025 Vm−1, which corresponds to an intensity on the order of 1043
W/cm2 [10].
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Figure 1 – External quan-
tumefﬁciency ofUV LEDs
at room temperature from
different research groups
and commercial compa-
nies as a function of emis-
sion wavelength. The ef-
ﬁciency decreases by sev-
eral orders of magnitude
with decreasing wave-
length. A peak in the ex-
ternal quantumefﬁciency
can be observed around
280 nm, which results
from improved AlGaN
material quality through
growth on AlN substrates.
Reproduced from [20, 21].
the above-mentioned issues, the lasing threshold increases drastically for short-wavelength
III-N LDs [27], hence limiting their present use to pulsedmode.
The objectives of this thesis work are to investigate the optical properties of III-nitridewaveg-
uides featuring GaN/AlGaN quantum wells (QWs) emitting in the UVA spectral region –i.e.
between 320 and 400 nm– andAlInN cladding layers. More speciﬁcally, the goal is to investigate
the potential of these structures for strong light-matter coupling and to generate optical gain.
The AlInN claddings offer a high refractive index contrast with the AlGaN alloy over a wide
range of Al contents [28, 29], which provides good optical conﬁnement, while being grown
nearly lattice-matched toGaN, resulting in very good overallmaterial quality [30, 31, 32]. This
excellent optical conﬁnement leads to an enhanced light-matter interaction, both below and
above theMott transition.3 At carrier densities below theMott transition, the coupling between
excitons and photons can lead to the strong coupling regime described before. Above the
Mott transition, an electron-hole plasma can provide gain to an optical ﬁeld. The enhanced
light-matter interaction provides a potential pathway to decrease the transparency and lasing
threshold in gain-based devices. Furthermore, p-type doping of AlInNhas been demonstrated
[33] and high-quality AlInN layers have been successfully used for opticalmode conﬁnement
in visible III-N edge-emitting LDs [34, 35] and vertical-cavity surface-emitting lasers [36]. Ad-
ditionally, blue laser diodeswith both an n-type AlInNbottomcladding and p-type AlInN top
claddingwere developed [35]. The use of AlInN claddings could therefore lead to substantial
improvements in LDdevice performance in theUVA spectral region.
3TheMott transition is the transition froman insulating exciton gas to a conducting electron-hole plasma that
arises at high carrier densities or at elevated temperatures.
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The remainder of thismanuscript will be structured as follows: The relevant properties of III-N
semiconductors are discussed inChapter 1, while Chapter 2 explains the physics of light-matter
coupling inwaveguides. An in-depth investigation of the optical properties of theQWs in the
present structures is reported in Chapter 3. Chapter 4 illustrates the properties of propagating
polaritons that are supported by thesewaveguides. Chapter 5 describes on the optical gain that
can be achieved in the present structures. Finally, a summary of the results and an outlook is
given inChapter 6.
4
1 III-Nitride Semiconductors
This chapter will give an overview of some selected topics in III-nitride semiconductors that are
relevant to this PhD thesiswork. Wewill focus on the conventional binary compounds InN,GaN
andAlN and their ternary alloys (i.e. InGaN, AlGaN andAlInN). Other nitride semiconductors,
such as BNor ScN that have recently attracted scientiﬁc attention, are outside the scope of this
manuscript. In particular, the discussionwill center around the properties of GaN, AlxGa1−xN
with lowAl content (x≈0.1) and Al1−xInxNwith x≈0.18, which is lattice-matched toGaN. The
structural properties of thesematerials are discussed in Section 1.1, while Section 1.2 illustrates
their optical properties.
1.1 Structural Properties
1.1.1 Crystal Structure
The thermodynamically stable phase of III-nitride compounds (under standard conditions)
has the hexagonalwurtzite structure. This is contrary to other III-Vmaterial systems, such as
III-As or III-P, which crystallize with the cubic zinc-blende structure. Rock-salt [37, 38] and
zinc-blende [39] III-N structures can be created under certain conditions, but all commercial
III-N devices, aswell as the samples used in thiswork have thewurtzite crystal structure. We
will therefore focus exclusively on the properties of thewurtzite phase in the remainder of this
manuscript.
Inwurtzite crystal structures, it is common to describe crystal orientations by four coordinates
[hkil] that incorporate the hexagonal permutation symmetries, rather than the three Miller
indices used in cubic lattices. Theﬁrst three coordinates deﬁne respective axes that are oriented
at an angle of 120◦ with respect to each otherwithin the hexagonal basal plane of the unit cell.
They are related by h+k+i =0, since there are only two degrees of freedom in the plane. The
fourth coordinate, l , describes the axis perpendicular to the basal plane, which is called the
c-axis.
The III-Nwurtzite structure is shown in Fig. 1.1. It consists of a hexagonal close-packed lattice
with a two-atombasis (one group-III atomand oneN atom), which are separated by a distance
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Figure 1.1 – Wurtzite crystal structure of
group-III nitrides. The nitrogen (black) and
group-III (grey) atoms each occupy a hexag-
onal close-packed sub-latticewith a relative
displacement ofuc along the [0001] direction.
The principal planes anddirections (a, c, m)
are indicated. a-plane
c-plane
m-plane
[1210]
[0001]
[1010]
Group-III atom
Nitrogen
a
c
uc
uc along the c-axis. Here, c denotes the distance between two equivalent basal planes and
u = 3/8 = 0.375 in an ideal wurtzite lattice. Nearest-neighbor atoms in the basal plane are
separated by a. The a, c and u parameters for the binary compounds InN, GaN and AlN are
given in Tab. 1.1. These structural parameters have been observed to precisely followVegard’s
law for the ternary alloys AlGaN and InGaN [40]. Thismeans that their values can be obtained
by linear interpolation between the two composing binary compounds. In the case of AlInN,
a deviation fromVegard’s law is reported [41, 42].
Alternatively, the hexagonal close-packed structure can be seen as an ABABAB... stack of alter-
natingmonolayers A andB, each containing a sub-layer of group-III atoms and a sub-layer of
nitrogen atoms, where B is displaced by [12
1
20
1
2 ] with respect to A. Since a unit cell contains one
layer of A and one of B, themonolayer thickness for growth along the c-axis is equal to c/2.
The most common crystal orientation for the growth of III-N structures in industry and
academia is the c-plane, thanks to the associated high crystalline quality, mature growth,
processability, in-plane isotropic properties and the availability of c-plane freestandingGaN
substrateswith a relatively low threading dislocation density (on the order of 106 cm−2). Of the
two possible crystal orientations,+c and−c –also calledGa-polar andN-polar after the atoms
in the terminating sub-layer, respectively–, the +c direction is used in the majority of cases,
since the N-polar surface suffers from an increased incorporation of oxygen impurities [43],
which results in a reduced optical quality [44]. For these reasons, the samples used in this thesis
work, just like all commercial III-N devices, are grown along the+c direction.
Due to the differences in lattice parameters of the III-N compoundsmentioned inTab. 1.1, III-N
heterostructures can, in some cases, suffer froma severe lattice-mismatch. For c-plane growth,
the lattice-mismatch of the relevant a parameter, is deﬁned as
alayer−asubstr ate
asubstr ate
and it amounts to
-2.4% for AlN onGaN and +10.9% for InN onGaN. This leads to tensile (positive) or compressive
(negative) strain in the epilayers, deﬁnedas
asubstr ate−alayer
alayer
, respectively. Beyondacertain critical
layer thickness, threading and misﬁt dislocations will be formed [45, 46]. In the case of large
tensile strain, even crackswill be generated in the sample. Strainmanagement and engineering
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InN GaN AlN
c (Å) 5.704 5.186 4.981
a (Å) 3.538 3.189 3.112
u 0.377 0.379 0.387
ΔEN 1.26 1.23 1.43
Table 1.1 – Lattice parameters of binary wurtzite III-N
semiconductors at room temperature. The structural
data (c, a and u) were obtained by X-ray diffraction in
refs. [48, 49]. The difference in electronegativity (ΔEN)
between group-III andNatoms deﬁnes the ionicity of
the bond [50].
can be required to avoid degradedmaterial quality [47]. In this respect, Al0.82In0.18N is a very
interesting alloy, since it is lattice-matched toGaN and has a higher bandgap (see Section 1.2.1)
and lower refractive index (Section 1.2.6) compared to the latter [28, 29, 30]. The growth of
AlInN layers is discussed in Section 1.1.3.
1.1.2 Polarization Fields
Thewurtzite crystal structure, contrary to its zinc-blende counterpart, lacks inversion symme-
try. Togetherwith the ionic character of the covalent bonds due to the substantial difference in
electronegativity between nitrogen and group-III elements (ΔEN, given in Tab. 1.1), this results
in a separation of the barycenters of positive (group-III) and negative (N) charges along the
c-axis within the unit cell. As a consequence, these materials have an intrinsic polarization
vector, a propertywhich is known as pyroelectricity. The polarization in case of an unstrained
material is called spontaneous polarization Psp , while the additional polarization coming from
lattice deformations in a strained layer is called piezoelectric polarization Ppz . It is related to
the stress tensorσ via the piezoelectricmoduli di jk [51]
Ppz,i =
∑
j k
di jkσ j k . (1.1)
The spontaneouspolarizationvalues for relaxedbinaryand ternary III-Ncompoundsare shown
in Fig. 1.2, as determined by Ambacher et al. [40]. The total polarization Ptot =Psp+Ppz for the
caseof layerspseudomorphically grownonrelaxedGaN,which is the relevant case for this thesis
work, is also shown in Fig. 1.2. Note the special case of Al0.82In0.18N,which is lattice-matched
toGaN and therefore has Ppz =0 [30, 52].
As a result of the polarizationmismatch between the differentmaterials, c-plane III-N heteroin-
terfaceswill contain a charge planeσ (expressed in elementary charges e per unit of surface)
given by
σ= ΔP·n
e
, (1.2)
whereΔP=P2−P1 and n represents a unity vector normal to the interface andpointing from
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Figure 1.2 – Polarization in ternary III-N
alloys as a function of alloy compo-
sition (x-axis and colorscale). The c-
component of the spontaneous polariza-
tion Psp of the unstrained alloy is given
(dashed line) aswell as the c-component
of the total polarization Ptot =Psp+Ppz
for a layer grown pseudomorphically
on a relaxed c-plane freestanding GaN
substrate (solid line). The right axis
shows the corresponding charge density
at the interfacewithGaN.Data from [40].
Group-III fraction
Al
Ga
In
0 1
InxG
a1-xN Al 1-
xIn x
N
AlxGa1-xN
AlxGa1-xN
InxGa1-xN
Al1-xInxN
Al0.82In0.18N
Psp
Ptot (pseudomorph. to GaN)
material 2 to 1. The corresponding interface charge density at the interface with the GaN
substrate for the pseudomorphic layers is equally shownon the right-hand side vertical axis
of Fig. 1.2.
These positive and negative charge planes result in built-in electric ﬁelds in III-N heterostruc-
tures grown along the c-axis, which is therefore called the polar axis. The a- and m-axes are
called non-polar axes and growth axes which are intermediate between the basal plane and
the c-axis are called semi-polar axes. These electric ﬁelds are exploited to forma 2Delectron
gas in III-N HEMTs and have an important impact on the optical properties of III-N nanos-
tructures such asQWs and quantumdots grown along a polar or semi-polar axis, through the
quantum-conﬁned Stark effect (QCSE, explained in Section 1.2.3).
1.1.3 CrystalGrowth
Growth of III-N semiconductor compounds is in many aspects different from conventional
III-Vmaterials. First, there is a lack of inexpensive and lattice-matched substrateswith hexag-
onal structure. Historically, the development of III-nitrides has been done on sapphire (0001)
substrates, which are low-cost, but are severely lattice-mismatched to GaN (+16%, mean-
ing that the GaN in-plane lattice parameter a is 16% larger than that of sapphire), leading
to a high threading dislocation density of 108−109 cm−2 [47]. Sapphire is still the substrate
of choice for LED production due to its low price, availability in large diameters (up to 8
inches) and transparency across the visible spectrum. The situation of Si (111) is slightly worse
with a low cost but no transparency in the visible and a -17% lattice mismatch. Addition-
ally, the large mismatch in thermal expansion coefﬁcient between GaN and Si (5.6×10−6/K
versus 2.6× 10−6/K, respectively) generates extensive tensile stress and, potentially, cracks
during the cool-down cycle [53], which requires strain management [54]. The threading dis-
location density is slightly higher than for sapphire substrates at ∼ 109 cm−2 for thick lay-
ers of several μm [54] and even higher for thin ﬁlms [55]. Threading dislocation densities
8
1.1. Structural Properties
of 5× 108 cm−2 have been demonstrated using lateral overgrowth techniques in buffer lay-
ers of ∼3 μm thickness [56]. 4H-SiC (0001) is expensive with a price above USD 1000 for
a 2 inch wafer and has a lattice mismatch of -3.5%. Freestanding GaN substrates with a
low dislocation density of 106 cm−2 [57] are expensive at USD 1500 per 2 inch wafer, but
result in the best sample quality. These substrates are mainly used for optoelectronic de-
vices that require low dislocation density, such as LDs and superluminescent light emitting
diodes [58]. The samples used in this thesis work are grown on such freestanding GaN sub-
strates.
Second, there is a substantial latticemismatch between the binary III-N compounds, contrary
to the case of III-As and III-P, whereGaAs/AlAs andGaP/AlP have a negligible latticemismatch.
Thismakes itmore challenging to growbinary III-N heterostructures and reduces the critical
thickness for pseudomorphic growth1. The lattice mismatch for GaN on AlN, e.g., is +2.5%,
wich results in a critical thickness of a few nm, depending on temperature [46]. One way to
circumvent the issues related to lattice mismatch is to use AlInN, which is lattice-matched
to GaN for an In concentration around 18% [59]. This alloy will be elaborately discussed be-
low.
Third, due to the strong chemical binding between group-III andN atoms, an elevated growth
temperature is required to get sufﬁcient adatom diffusion. This is to ensure a 2D step-ﬂow
growthmode thatmaintains a smooth and ﬂat surface, which is essential for high quality QWs
(see Section 1.2.3) andwaveguides (Chapter 2). The growth techniquewith the best results in
this respect ismetal-organic vapor phase epitaxy (MOVPE). Additionally, the quality of AlInN
layers is nowwell-mastered inMOVPE [29, 31, 32], whereas they are lessmature inmolecular
beamepitaxy [60, 61, 62]. Sincewe heavily rely on high-quality AlInN layers for this thesis work,
MOVPE is the growth technique of choice for the samples used here.
Metal-Organic Vapor PhaseEpitaxy
MOVPE, also calledmetal-organic chemical vapor deposition (MOCVD), is themost commonly
used growth technique for III-N heterostructures in both academia and industry. With this
technique, the substrate is heated to the desired temperature and the required precursors are
introduced in the reactor, togetherwith a carrier gas (H2, N2 or amixture of both). The use of
H2 promotes long diffusion length [63], but strongly hinders In incorporation [64], whereasN2
reduces themobility and allows good In incorporation. Trimethylgallium (TMGa) or triethyl-
gallium (TEGa), trimethylindium (TMIn), trimethylaluminum (TMAl) and ammonia (NH3) are
1An epitaxial ﬁlm is pseudomorphic to the underlying substrate if it adopts the in-plane lattice constant of the
latter. This growth regime canbemaintained as long as the elastic strain energy in the layer is smaller than the energy
required to generate dislocations or a 2D to 3D growth transition. Below a certain critical thickness, this will be the
case and the layer is pseudomorphic. Above the critical thickness, threading andmisﬁt dislocations are generated,
or islands are formed, and the layer is relaxed. The critical thickness is reducedwith increasing latticemismatch.
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the usual precursors for Ga, In, Al andN, respectively. TEGa is known to produce fewer carbon
contamination in the sample, while TMGa allows for a faster growth rate and is cheaper. During
growth, the precursors decompose above a heated substrate, the group-III and N atoms are
adsorbed on the surface and the byproducts are evacuated by the carrier gas ﬂow. The growth
rate and the composition of the growingmaterial can be controlled by acting on the precursor
ﬂow and substrate temperature.
Temperature is a key parameter duringMOVPE growth. Itmust be sufﬁciently high to allow for
an efﬁcient decomposition of the precursors (in particularNH3 is difﬁcult to decompose and
requires high temperatures), for an easy desorption of reaction byproducts and for a sufﬁcient
diffusion length of the adsorbed species. A high diffusion length is required to ensure step-ﬂow
growth and a smooth surface. On the other hand, if the temperature is too high, precursors
will decompose before their arrival above the surface, and specieswill desorb from the surface,
thus reducing the growth rate. The optimumgrowth temperature, which balances out all these
different processes, is highly dependent on the group-III element. The III-N bond strength
is very strong for Al, intermediate for Ga and weaker for In. As a result, In already has a high
diffusion length at relatively low temperatures and easily desorbs atmoderate temperatures.
The optimumMOVPE growth temperature for InN is therefore around 600◦C. Al, on the other
hand, has a very lowdiffusion length and lowdesorption rate, even at high temperatures. The
AlN growth temperature should therefore be at least 1200◦C. The case of GaN is intermediate
with an optimumaround 1000◦C. This temperature difference is problematic for the growth
of alloys, since good conditions for one species, can be compromising for the others. This is
especially true for the AlInN alloy due to the large difference in optimal growth temperature
between InN andAlNbinary compounds [29].
Growth of thick AlInN cladding layers
High-quality AlInN layerswere ﬁrst demonstrated byCarlin and Ilegems in 2003 at EPFL [59].
They can be grown lattice-matched to GaN for an In composition of ∼18%. This results in
strain-freeGaN/AlInNheterostructureswith very interesting properties:
• The large spontaneous polarizationmismatch (see Fig. 1.2) leads to the generation of a
two-dimensional electron gas (2DEG) at the interface, which is useful for HEMTS [65, 66].
• Al0.82In0.18N has awider bandgap than that of GaN (∼4.5 vs. 3.4 eV at room temperature,
respectively [30], see also Section 1.2.1). Thesematerials can therefore be used to form
strain-free GaN/AlInN QWs. The strong built-in ﬁeld in these structures results in a
band-to band transition below theGaNbandgap through theQCSE,which is explained
in Section 1.2.3 [67], while the large conduction band offset results in inter-subband
transitions in the near infrared [52].
• The small refractive index of Al0.82In0.18N compared to that of GaN (see section 1.2.6),
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makes it useful for optical conﬁnement in distributed Bragg reﬂectors (DBRs) [68, 31] or
waveguide claddings [34].
In this thesiswork, wewill exploit this last property tomake high-quality optical waveguides.
Reviews on the properties and applications of AlInN layers can be found in refs. [28, 29, 30, 69].
In order to optimally beneﬁt from the properties of AlInN stated above, it is crucial to avoid
Ga incorporation in the alloy. Indeed, such AlInGaN layers would have properties which are
closer toGaN, reducing the contrast in polarization, bandgap and refractive index. InMOVPE
reactors with a showerhead design, Ga is always incorporated in AlInN layers, often in even
larger concentrations than Al and In [70]. This is due to the the small reactor size and turbulent
gas ﬂowof these reactors. Ga-containing deposits on the reactor sidewalls and especially near
the showerhead apertures can re-evaporate and incorporate in the deposited AlInN layers. In
a horizontal-ﬂowMOVPE reactor such as the AIXTRON200/4 RF-S systemused in thiswork,
Ga incorporation is absent andwe obtain pure AlInN layers [71, 42]. The laminar ﬂow in this
type of reactor assures that earlier deposits do not reach the substrate.
AlInN is an inherently challenging alloy to grow. Due to the large differences in Al-N and In-N
bond length and bond strength, this alloy is sensitive to phase separation [72]. This could lead
to degradedmaterial quality with large inhomogeneity and local strain. Additionally, due to the
largemismatch inoptimal growth temperaturebetween InN (600◦C) andAlN (1200◦C), it is difﬁ-
cult tocombine lowIndesorptionwithahighAladatommobility. This results inanarrowgrowth
windowbetween 800 - 850◦C for In concentrations between 6 and 21% [29]. The strong depen-
denceof the Indesorption rateon temperature,makesgrowth temperature thekeyparameter to
control AlInNcomposition, rather than, e.g., precursor ﬂuxes. Indeed, itwas found that decreas-
ing the growth temperature by amere 5◦C results in an increase in the In concentration of about
1% [73]. The lattice-matching condition is obtained for growth temperatures of∼820◦C [69].
The carrier gas used for AlInN growth is generally pure N2, as H2 strongly decreases In incor-
poration [64]. This, together with the limited diffusion length of Al adatoms at these growth
temperatures hinders step-ﬂow growth and results in kinetic roughening of the AlInN surface.
As a consequence, hillocks are formedduringAlInNgrowth and, beyond a layer thickness of 100
nm, evenV-pits [32]. This is shown in Fig. 1.3. The cross-section scanning tunneling electron
microscopy (STEM) image in Fig. 1.3(a) shows a severe degradation of the material quality
starting at a layer thickness of∼150nm. The surfaceof a 50nmthick layer showsmainlyhillocks,
as can be seen in the atomic force microscopy (AFM) image shown in Fig. 1.3(b), while the
surface of a 100 nm thick layer features a high density of V-pits with surrounding rings (Fig.
1.3(c)). Note that these growth conditions away from thermodynamic equilibrium,which favor
kinetic roughening, simultaneously avoid phase separation of the alloy, due to the limited Al
mobility. Despite the challenging nature of the growth of this alloy, good quality ﬁlms can be
obtained, especially on freestandingGaN substrates [31].
Since we need at least a 400 nm thick AlInN bottom cladding to ensure a good optical isola-
tion from theGaN substrate (see Section 3.1), and as a smooth interface between the bottom
11
Chapter 1. III-Nitride Semiconductors
(a)
Figure 1.3 – Formation of hillocks andV-pits in thick Al0.8In0.2N layers grownon freestanding
GaN. (a) Cross-section Z-contrast STEM image of a 500 nm thick layer shows a severe
degradation ofmaterial quality beyond anAlInN layer thickness of∼150 nm. (b,c) 2× 2μm2
AFM images of (b) 50 nmand (c) 100 nm thick AlInN layers. TwoV-defects are pointed bywhite
arrows in (b) and (c). One hillock is circled in white in (b). A ring structure is circled in black
in (c). Adapted from ref. [32].
cladding and the active region is required, we need tomake use of GaN interlayers to reduce the
detrimental impact of kinetic roughening. Hence, after every 50 nmof AlInN, a 5 nm thickGaN
interlayer is grown, of which the ﬁrst 2 nmare grown at the same temperature as the AlInN layer
(∼820◦C) to avoid In evaporation and the remainder is grown at high temperature (∼1000◦C)
and underH2 to planarize the surface. Note that for aDBR structure in the blue-green spectral
region, AlInN layers with a thickness of around 50 nmare by default alternatedwithGaN layers.
Growth of high-quality GaN/AlGaN QWs
Alloy disorder is a key parameter governing the optical quality of GaN/AlGaN QWs. It is
paramount to promote a homogeneous AlGaN composition and abrupt GaN/AlGaN inter-
faces. This can be done by limiting the Al adatommobility through a low growth temperature
around 870◦C and by using N2 as carrier gas [74]. Similarly to the case of AlInN, this induces
some kinetic roughening of the surface, which can lead to slight QW thickness ﬂuctuations.
Despite this additional source of inhomogeneous broadening, GaN/AlGaNQWs grown at low
temperature andwithN2 as carrier gas have shown superior quality, indicating that well width
ﬂuctuations contribute little to the overall inhomogeneous linewidth in this systemand that
alloy disorder is themain source of inhomogeneous broadening [74].
1.2 Optical Properties
In this section, wewill discuss some selected optical properties of III-N semiconductors. Read-
erswith limited knowledge in this topic can ﬁndmore elaborate discussions in refs. [75, 76, 77].
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1.2.1 Band Structure
The key to understanding the interaction of a semiconductormaterial with light, is to consider
its electronic band structure. The latter determineswhich electronic states exist in thematerial,
andwhich optical transitions can occur through interactionswith a photon.
The origin of the band structure of a crystalline, nearly covalent material can be understood
froma simpliﬁed picture of the interaction of atomic orbitals. If two atoms are brought close
together, their valence orbitals will overlap, interact and hybridize, causing a splitting into a
bonding and anti-bonding molecular orbital. The magnitude of the splitting increases with
the bond strength andΔEN.
In an analogousway, the interaction of the valence orbitals of a large number of atoms in a semi-
conductor crystal lattice creates anequally largenumberof bondingandanti-bonding states. In
the simpliﬁed picture of the single electronHamiltonian, where all interactionswith the nuclei
and theother electronsareassimilated ina singlebackgroundpotentialVbg theelectronic states
φq (r)with eigenenergiesEq canbe found through the time-independent Schrödinger equation:
Hˆ1eφq (r)=
[
pˆ2
2m0
+Vbg (r)
]
φq (r)=Eqφq (r), (1.3)
where m0 denotes the free electron mass and the index q refers to the various eigenstates.
These states formquasi-continuous energy bands in a crystalline solid. The highest occupied
(bonding) band is called the valence band (VB), and the lowest unoccupied (anti-bonding)
band is called the conduction band (CB). The energy separation between both is called the
bandgap. This bandgap is a key parameter in the optical properties of a semiconductor. The
most fundamental optical process in a semiconductor is the transition of an electron from the
valence to the conduction band (or vice versa) by absorption (emission) of a photonwith the
corresponding energy. Just like in the case of the two-atommolecule, there is a general trend
that the bandgap will be larger for materials with a large bond strength. For this reason, the
bandgap in the relatively weakly bound InN is small (0.7 eV at low temperature, corresponding
to a photon in the near infrared (IR)), the bandgap inGaN is intermediate (3.5 eV, in the near
UV) and the bandgap of AlN is very large (6.2 eV, in the deepUV) [78]. With these values, the
III-Nmaterial system spans awide range of photon energies from the near IR to the deepUV.
Intermediate bandgaps can be reached by alloying the binary compounds, as shown in Fig.
1.4. Note that these alloys cannot all be grownwith high quality. Especially thosewith a large
latticemismatch from the available substrates such asGaNandAlN, are challenging to grow.
The bandgap energyE AxB1−xg of an alloy ofmaterials A andB cannot be correctly determined
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Figure 1.4 – Low-temperature
bandgap and basal plane lattice
parameter a of unstrained group-III
nitrides as a function of alloy com-
position (color scale). The bandgap
energy of this material system can
be tuned from the infrared (IR)
over the visible to the deep UV by
adjusting the alloy composition.
Group-III fraction
Al
Ga
In
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by applying Vegard’s law on the respective bandgaps E Ag and E
B
g . A corrective term is required:
E AxB1−xg =E Ag x+EBg (1−x)+bx(1−x). (1.4)
The parameter b is called the bowing parameter and has a value of -0.70 eV for AlGaN [78], -1.7
eV for InGaN [79], and a debated value of -5.4 eV for AlInN [69].
When the lattice temperature of a semiconductor is increased, thematerial expands and the
atomic orbital overlap decreases. As a result, the bandgap energy decreases aswell. This can
be described by Varshni’s semi-empirical law [80]:
Eg (T )=Eg (0)− αV T
2
βV +T
, (1.5)
where Eg (0) is the bandgap of thematerial at 0 K andαV ,βV are the Varshni parameters. How-
ever, a more accurate model (especially for low temperatures), based on the Bose-Einstein
occupation of phonon states, is given by [81]
Eg (T )=Eg (0)− 2αB
exp(ΘB/T )−1
, (1.6)
whereαB is an electron-phonon coupling constant andΘB is an average phonon temperature.
For bulk (Al)GaN layers, the values of these parameters areαB =75meV andΘB =370 K [82].
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In a way similar to temperature variations, the bandgap also changes due to strain. Indeed,
as the distance between atoms is decreased (increased) under compressive (tensile) strain,
the bandgap increases (decreases) according to the overlap and interaction between atomic
orbitals [83]. Sincewe are dealingwith nearly strain-free structures in this work, wewill not go
into further details here.
Since the CB and VB states are eigenstates of a crystal with translational symmetry, which is
supposed inﬁnite formathematical simpliﬁcation, they are plane-wave-like states (calledBloch
states) with a well-deﬁned wavevector k. Due to the periodicity of the lattice, only a limited
number of wavevectors are effectively unique, the ones in the so-called ﬁrst Brillouin zone.2
A statewith awavevector outside this zone is essentially the same as that of a state belonging to
the ﬁrst Brillouin zone. We can therefore limit thek-spacewe consider to the ﬁrst Brillouin zone.
Since a state with a different k-value will experience a different periodicity and depth of the
lattice potential, it will have a different energy. Therefore, the energy bandswill be distributed
across the Brillouin zone. Due to the enormous amount of particles and interactions in a solid,
such a band dispersion cannot be calculated exactly. A solution for GaN, based on theGWap-
proximation, was calculated byCarvalho et al. [84] and is given in Fig. 1.5(a). The VBmaximum
and CB minimum occur at the center of the ﬁrst Brillouin zone, i.e. for k= 0, also called the
Γ-point. Thismeans that a singlephoton–whichhasanegligiblewavevectorof Enrħc ≈50μm−1 at
these energies E , withnr the real part of the refractive index,ħ the reduced Planck constant and
c the vacuum speed of light– can complywith both energy andmomentumconservation laws
of an electronic transition between the VBmaximumandCBminimum. This type of transition
is called a direct interband optical transition. In the situationwhere theCBminimumandVB
maximumdonotoccur at the samewavevector (which is the case, e.g., for Si andGe), an indirect
band transition involving a phonon is required in addition to the photon emission/absorption
to fulﬁllmomentumconservation. Such an indirect transition is a three-body process (electron,
phononandphoton) and thereforemuch less likely tooccur than the two-bodydirect transition.
As a result, direct bandgap semiconductors such as III-Ns, ZnOorGaAs have amuch stronger
light-matter interaction than indirect bandgap semiconductors such as Si.
In an intrinsic or undoped semiconductor –i.e. without any impurities–, the position of the
Fermi level lies close tomid-gap,meaning that the VB is almost entirely populatedwith elec-
trons, and the CB is almost empty. It is therefore convenient to introduce the hole as an
unoccupied state in the VB. We will henceforth use the words electron and hole, to discuss
occupied electron states in the CB andunoccupied electron states in the VB, respectively. Due
to the relatively small value of the thermal energy kBT (∼25meV at room temperature), only
the states in the immediate vicinity of the VB andCB extremawill be populatedwith holes and
electrons, respectively, at room temperature or below. We can therefore neglect most of the
lower and upper lying bands and focus only on those close to the bandgap region. Therefore,
as a further simpliﬁcation, we can apply the effectivemass approximation, wherewe canwrite
2Amore detailed discussion onBloch states and the reciprocal or k-space can be found in ref. [75].
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Figure 1.5 –GaNband structure. (a) Complete band structure over the entire ﬁrst Brillouin zone
as calculated using theGWapproximation. The corresponding density of states (DOS) is also
shown. The forbidden gap ismarked in grey. Adapted from ref. [84]. (b) Detail of the CB and
VBdispersion around theΓ-point, as calculatedwith the k ·p formalism [85], for awavevector
parallel (k//c ) and perpendicular (k⊥c ) to the c-axis, including the crystal-ﬁeld and spin-orbit
splitting in the VB.
the conduction (Ec ) and valence band energy (Ev ) as
Ec (ke)=Eg +
ħ2k2e
2m∗e
, (1.7a)
Ev (kh)=−
ħ2k2h//c
2m∗h//c
−ħ
2k2h⊥c
2m∗h⊥c
, (1.7b)
taking zero energy at theVBmaximum. Here,we introduced the effectivemassesm∗e ,m∗h//c and
m∗h⊥c of the electron and hole, parallel and perpendicular to the c-axis, respectively. Due to the
lattice anisotropy, theVBhasadifferent curvature –andconsequently, adifferent effectivemass–
for these two directions. Since the VBhas a concave dispersion near theΓ-point, a VB electron
will have a negative effectivemass. A holewill therefore behave as a particle with positivemass.
We can consider the electron and hole as particles with an effectivemass, that is different from
the free-electronmass, as a consequence of the interactionwith the crystal potential.
Like inmost other semiconductors, the CB in III-Ns has s-orbital-like symmetry, while the VB
has p-like symmetry. Therefore, the CB is almost perfectly isotropic and non-degenerate, while
the VB is expected to be threefold degenerate in a cubic latticewith pa , pm and pc-like bands,
aligned along the a-, m- and c-axis, respectively. Due to the uniaxial anisotropy of thewurtzite
lattice however, the pc-band is shifted toward lower energies with respect to the other two. The
crystal ﬁeld splitting is given byΔc f =22 meV in GaN [86]. Due to spin-orbit interaction, the
degeneracy of the other two bands is equally lifted, withΔSO =15meV [86]. This is illustrated
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in Fig. 1.5(b). The ﬁnal subvalence bands exhibitΓ9,Γ7+ andΓ7− symmetry and are called the
heavy-hole (hh) or A, light-hole (lh) or B and split-off (so) or C bands. The transitions occurring
between the respective VBs and theCB are also called A, B andC. The band dispersion around
the Γ-point, as calculated with the k ·p formalism [85], is equally shown in Fig. 1.5(b). The
CB is almost perfectly isotropic and parabolic as explained above, while this is not the case
for the subVBs. The uniaxial lattice anisotropy leads to anisotropic effective masses and the
observed non-parabolicities are a consequence of p-orbital repulsion. Therefore, the effective
mass approximation ismore ﬂawed for the VB.
1.2.2 Excitons and Biexcitons
If an electron and a hole coexist in relative proximity in a semiconductor, their opposite charge
will cause aCoulombattraction, in away similar to that of a proton/positron and electron in
free space. Consequently, the electron and the hole will bind and form an exciton, which is
analogous to the hydrogen or positroniumatom. In a bulk semiconductor, the excitonwill have
an energy that is lower than the bandgapEg for an excitonmomentumK=0with eigenenergies
of the form [77]
EX =Eg +ħ
2K 2
2M∗
−Ry
∗
n2
, (1.8)
with M∗ = m∗e +m∗h the exciton mass, K = ke +kh the exciton wavevector, Ry∗ the effective
Rydberg energy and n ∈ N∗ the principal quantum number. Ry∗ is also called the exciton
binding energy EB and is equal to [77]
Ry∗=EB =Ry μ
m0
1
ε2rel
, (1.9)
with Ry=13.6 eV the hydrogenRydberg energy, εrel = εε0 the relative permittivity or dielectric
function of the semiconductor and
μ= m
∗
e m
∗
h
m∗e +m∗h
, (1.10)
the reduced exciton mass. In analogy to the hydrogen atom, we can deﬁne an exciton Bohr
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Table 1.2 – Exciton
parameters in bulk
III-Ns, GaAs andZnO.
Data are taken from
[95, 78] unless stated
otherwise. aB was cal-
culated fromEq. 1.11.
GaN AlN InN GaAs ZnO
Eg (T =0 K)(eV) 3.50 6.2 0.7 1.519 3.437 [77]
m∗e /m0 0.2 0.3 0.07 0.065 0.28 [77]
m∗hh///m0 1.8 [90] 3.1 [90] 0.35 0.47 [77] 0.59 [77]
m∗hh⊥/m0 1.6 6.3 0.35 0.45 [77]
EB (meV) 25 [91] 56 [92] 4 [93] 4.9 [76] 59 [94]
aB (nm) 3.5 1.8 12 11.2 [76] 1.8 [94]
radius [77]
aB =aHB εrel
m0
μ
=aHB
Ry
Ry∗
1
εrel
, (1.11)
with aHB the hydrogenBohr radius. The excitonBohr radius determines the size of the exciton
and the volume overwhich it averages the lattice potential. In inorganic semiconductors, εrel
is typically large and the Coulomb-interactionwill be screened by valence electrons. Conse-
quently, the Bohr radiuswill span several unit cells. This type of delocalized exciton is called
Wannier-Mott exciton [87]. Inmaterialswith a lowdielectric function, such as organicmaterials
and alkali halides, the excitons are localized and are called Frenkel excitons [88, 89]. In the
remainderof this text,wewill exclusively focusonWannier-Mott excitonsandcall themexcitons
for short.
Since the exciton ground state is EB below the energy of a free electron-hole (e-h) pair, excitons
will be the dominant species as long as the thermal energy kBT <EB . The values of binding
energies andBohr radii of excitons in bulk III-nitrides are given in Tab. 1.2, togetherwith the
values for GaAs andZnO.With a binding energy of 25meV, excitons exist up to room temper-
ature inGaN. As can be seen fromEq. 1.11, semiconductors which have a large exciton binding
energy, have a small exciton Bohr radius. Since the Bohr radius determines the volume over
which the exciton probes the lattice potential, a small aB , will cause an increased sensitivity
to disorder. Indeed, crystal disorder on a scalemuch smaller than aB will not have an impact
on the average potential felt by the exciton, while disorder over equal or larger length scales will
create an energy landscape in thematerial.
As a general trend, the effective masses increase, the exciton Bohr radius decreases and the
exciton binding energy increaseswith increasing bandgap [77], as summarized in Tab. 1.2.
It is also possible for two electrons and two holes to bind together in a semiconductor. This
quasi-molecule is calledabiexciton (XX). Since abiexcitonconsists of 2 excitonsbound together
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Figure 1.6 – Schematic rep-
resentation of the biexciton-
exciton cascade. The biexci-
ton state |X X 〉, exciton state
|X 〉 and ground state |g 〉 are
shown with their respective
energies, together with the
optical decay from |X X 〉 to
|X 〉, and from |X 〉 to |g 〉.
by the biexciton binding energy EX XB , its eigenenergy can bewritten as
EX X =2EX −EX XB . (1.12)
In luminescence experiments, however, a biexcitonwill not emit a photon corresponding to
its eigenenergy, but it will leave behind an exciton of energy EX and emit a photon of energy
ElumX X =EX −EX XB . (1.13)
This process is called the biexciton-exciton cascade and is represented in Fig. 1.6.
1.2.3 III-NitrideQuantum Wells
AQW is a structurewhere electrons and/or holes are conﬁned in a thin 2D layer. This is realized
by sandwiching a narrowband-gapmaterial in between two layers of awider band-gap barrier
material. AQWwhere the electron and hole are both conﬁned in the same layer is called a type
I QW,while in a type II QW, they are conﬁned in adjacent layers. Wewill only discuss type I con-
ﬁguration here. There are threemain advantages to the use of QWs over bulk semiconductors
in optoelectronic devices such as LEDs and LDs and for applications in light-matter coupling.
First, the radiative recombination rate is increased for both excitons and unbound e-h pairs
[76, 96]. This results in a higher radiative efﬁciency as the contribution of non-radiative recom-
bination is reduced. In a perfect and inﬁnite bulk semiconductor, an exciton can recombine
and emit a photon, but this photonwill soon be reabsorbed as an exciton. These so-called Rabi-
oscillations give rise to the formation of exciton-polaritons, whichwill be further explained in
Section 2.3. A bulk semiconductor can therefore only luminesce due to imperfections, either
due to the presence of a surface –when the photon crosses the surface and is outside thema-
terial, it can not be reabsorbed anymore–, or due to disorder in thematerial. A photon that is
emitted from the low-energy tail of the broadened band edge of a disorderedmaterial is less
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likely to be reabsorbed, as its energy is below the absorption edge of a large part of the sample.
AQWbreaks the symmetry inmuch the sameway as a surface does. 2D excitons are coupled
to 3D photons, which opens a channel for radiative decay. In the case of unbound e-h pairs,
QWs offer an additional advantagewith respect to the enhanced radiative decay by symmetry
breaking. Since the electron and hole are required to be spatially close together in order to
recombine, randomlywandering charge carriers recombine relatively slowly in the bulk. When
introducing aQWhowever, electrons and holes are conﬁned in the same layer, and hence have
higher probability tomeet, which leads to an increased radiative recombination rate.
Second, the transition energy can be tuned by varying theQWwidth dQW [76]. This gives an ad-
ditional pathway for bandgap engineering besides alloying. Sincewe are creating a particle-in-
a-box, we add a nonzero conﬁnement energy (the ground state energy of the particle-in-a-box
model) to both the electron andhole stateswhich increaseswithdecreasingwellwidth. For very
largewidths (larger than theexcitonBohr radiusor theelectron/holedeBrogliewavelength), the
conﬁnement energy vanishes and the states are at their respective bulk energies. In such a case,
since there is no quantumconﬁnement effect, we call this structure a double heterostructure,
rather than aQW. The envelopewavefunction of a conﬁned electron stateΨe and of a conﬁned
hole stateΨh in theQW forms a standing-wave pattern in the created potential well. This puts
a restriction on the allowed wavevector components perpendicular to the QW-plane k⊥QW ,
whichwill be quantized. We get a series of discrete states with conﬁnement energy Eqcon f (dQW ),
with q ∈N∗ the conﬁnement quantumnumber. For aQWwith inﬁnite barrier height, this can
bewritten as [76]
Eqcon f (dQW )=
ħ2k2⊥QW
2m∗⊥QW
, with k⊥QW = qπ
dQW
, (1.14)
where m∗⊥QW is the effective mass of the conﬁned particle, for motion perpendicular to the
QW plane. For a limited barrier height, the evanescent tails of the envelope wavefunction in
the barrier –and therefore the effectiveQWwidth– depend on the effective carriermass. The
number of conﬁned states that can exist in theQWare determinedby the height of the potential
barrier. The energy of aQWe-h pair, in absence of any excitonic features, can bewritten as
EQW =Eg +Eqh,con f (dQW )+E
q
e,con f (dQW )+
ħ2k2h//QW
2m∗h//QW
+
ħ2k2e//QW
2m∗e//QW
, (1.15)
where k2h//QW , k
2
e//QW , m
∗
h//QW and m
∗
e//QW represent the squaredwavevectormagnitude and
effectivemass of the electron and hole in theQWplane, respectively. Here, we supposed aQW
with an isotropic effective carrier mass in the QW plane, which is true for c-plane III-N QWs
or zinc-blendeQWs. For anisotropicQWs, such as m-plane III-NQWs, termsmust be added
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accordingly [97]. In this work, we will focus on isotropic c-plane III-N QWs. We will mainly
focus on the ground statewith q=1.
Third, the excitonbinding energy canbe larger than in thebulk case, sustaining excitonic effects
at higher temperatures, as explained below.
In the III-N material system, several material combinations are possible to construct a QW:
InGaN/(In)GaN QWs emitting in the near UV to green spectral region are used in LEDs and
LDs, (Al)GaN/AlGaNQWs forUVoptoelectronic devices, andGaN/Al0.82In0.18NQW that are
lattice-matched. In III-NQWs, the valence band offset is smaller than theCBoffset between
differentmaterials, according to a 70:30 ratio [98]. This is because of the common anion (N) in
allmaterials and the fact that the VB is related to the anion p-orbitals. This heuristic principle
is called the common anion rule [99].
2D Excitons
The energy of a 2D exciton in an ideal QW with inﬁnite barriers and vanishing width, can be
written as [77]
EX =Eg +Eqh,con f (dQW )+E
q
e,con f (dQW )+
ħ2K 2//QW
2M∗
− Ry
∗
(n−1/2)2 , (1.16)
where n represents the exciton principle quantumnumber. Looking at the last termof Eq. 1.16,
we see that the exciton binding is increasedwith respect to the 3D case. For the 1s exciton state
(n=1), EB is enhanced by a factor of 4 in the perfect 2D case [100, 101]. In a real QWhowever,
due to theﬁnite barrier height and the resulting evanescent tail of thewavefuction in the barrier,
the conﬁnement is limited and the enhancement is thus also limited to a factor∼2 at best [102].
InGaN/Al0.2Ga0.2NQWs, a binding energy of 48meVhas been demonstrated [103].
Quantum-Conﬁned Stark Effect
In III-N heterostructures grown along a polar or semi-polar axis, the polarization discontinuity
creates charge planes at the interfaces. In aQW, two charge planes of opposite sign,σ+ andσ−,
are formed at the twowell/barrier interfaces. These charge planes induce an electric ﬁeld F in
theQWwhich changes the rectangular potentialwell (shown inFig. 1.7(a)) to a triangular poten-
tial well (Fig. 1.7(b)). This has twomain consequences: EQW is reduced as the electron and hole
energy levels are brought closer together, and the electron (Ψe) and hole envelopewavefunc-
tions (Ψh) are separated to opposite sides of thewell. This is commonly called theQCSE [104].
In case of a ﬁeld-freeQW, EQW is equal to the bandgap plus the electron and hole conﬁnement
energies, according to Eq. 1.15. When theQWwidth is increased, the conﬁnement energy is de-
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creasedandEQW approaches thebulkbandgap, as shown inFig. 1.7(c). Whenabuilt-inﬁeldF is
present, however,wehave toadda termtoEq. 1.15 to include the reductionofEQW due toF [99]:
EQCSEQW =Eg +E
q
h,con f (dQW )+E
q
e,con f (dQW )+
ħ2k2h//QW
2m∗h//QW
+
ħ2k2e//QW
2m∗e//QW
−eFdQW . (1.17)
When we increase the thickness of such a well, the last term of Eq. 1.17 continues to reduce
theQWenergy, even below the bulk bandgap value [104]. This is equally depicted in Fig 1.7(c).
Beyond a certainwidth, the electron andhole envelopewavefunctions are far away from the
opposite sideand the localwell shape is invariantunderdQW . In this situation,Econ f is constant
and EQW changeswith a slope of−eF with respect to dQW .
Due to the triangular well shape, the electron and hole are pushed to opposite sides of the
QW. This results in a signiﬁcant reduction of the wavefunction overlap for wider wells. As a
consequence, the exciton binding energy and the light-matter interaction (see Section 1.2.4)
are reduced, as shown in Fig. 1.7(d). This reduced exciton binding energy leads to a smaller
redshift of the exciton under theQCSE, compared to an unbound e-h pair.
Note that the effects of QCSE can be reduced by using narrowwells. QCSEhas a small impact
below awell width of typically 2 nm [104]. In this regime, the conﬁnement energy is larger than
eFdQW and EQW exceeds the bulk bandgap energy.
Inmultiple (M)QWstructures,wheremanyperiodsofbarrier andwellmaterial are repeated, the
built-in ﬁeld in theQWs is reduced compared to the single QWcase, due to the geometric effect
[105]. Free carriers in the structurewill screen any potential drop over long distances (typically
> 10 nm). This implies that a periodicMQWstructure, which extends overmore than several 10s
of nm,will have a zero net potential difference over one period. In this approximation, which
agreeswell with experiments [106], the barriers accommodate part of the electric-ﬁeld strength,
which leads to a reduction in the built-in electric ﬁeld compared to a single QW, and hence
resulting inmoderatedQCSE effects in theQWs.
1.2.4 Light-Matter Interaction
The interaction between the electronic states of a medium and the vacuum light-ﬁeld with
angular frequencyω can be treated by time-dependent perturbation theory. Here, wewill focus
on transitions between the VB and CB. In the electric dipole approximation, the interaction
Hamiltonian is given by [76]
Hint =−er·E. (1.18)
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Al0.1Ga0.9N Al0.1Ga0.9NGaN
F = 500 kV/cm 
F = 0 
Bulk GaN 
- 500 keV/cm 
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EQW
EQW
F = 0 
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CB
VB
CB
VB
GaN/Al0.1Ga0.9N QW
Figure 1.7 –QCSE in a c-planeGaN/Al0.1Ga0.9NQW. (a) Band structure of a single hypothetical
ﬁeld-free 4 nm thickQW. The electron (blue) andhole (red)wavefunctions of the ﬁrst excited
state are symmetric with respect to the growth direction. (b) More realistic band structure
of the same structure with a built-in electric ﬁeld of 500 kV/cm. The barriers are supposed
inﬁnite in the + and -c direction and therefore ﬁeld-free. The electron and holewavefunctions
are spatially separated due to the triangular potential well and their overlap is reduced. Also
the energy separation between the electron and hole (EQW ) is reduced with respect to the
ﬁeld-free case shown in (a). (c) QWenergy as a function of well width for the case of a ﬁeld-free
GaN/Al0.1Ga0.9N QW (dashed line) and the same QW with F =500 kV/cm (solid line). As the
QWwidth increases, the conﬁnement energy is reduced and theQWenergy converges toward
the bulk GaN bandgap for F = 0. In a triangular well however, EQW keeps decreasing below
the bulk bandgap energy. (d) Exciton binding energy EB (red) and electron-hole overlap (black)
for the same cases of F = 0 (dashed line) and F = 500 kV/cm (solid line). In a ﬁeld-free QW,
these quantities remain high as thewell width is increased. Under the inﬂuence of the built-in
electric ﬁeld however, both quantities are rapidly reducedwith increasingwell width.
The interband transition probability, or transition rate is determined by Fermi’s golden rule
[75, 76]. The absorption rate between a VB state |v〉with energy Ev and wavevector kh and a
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CB state |c〉with energy Ec andwavevector ke is given by
Rcv (ħω)= 2πħ
∑
kh ,ke
|〈c|Hint |v〉|2δ(Ec (ke)−Ev (kh)−ħω), (1.19)
where the Dirac delta assures we take the sum over only those VB and CB states that are sep-
arated by the photon energyħω.
Thematrix element of theHamiltonian can bewritten as
|〈c|Hint |v〉|=−eE0|〈c|r·eE |v〉|=−eE0|rcv |, (1.20)
with rcv =〈c|r·eE |v〉 the interband opticalmatrix element, eE the light polarization vector, i.e.
a unit vector parallel to E, E0 is the electric ﬁeld associatedwith one photon inmode volume
V , and can bewritten as [75]
E20 =
2ωħ
εV
. (1.21)
Note that the electric ﬁeld can be enhanced, together with the light-matter interaction, by
conﬁning photons in a smaller volume V . The concept of radiative decay of an electronic
excitation depending on the photonic environment, was ﬁrst proposed by Purcell in 1946 [107].
This ideawill be further elaborated inChapter 2.
The optical matrix element can be determined from the Kane energy EP , which is roughly
constant in III-V semiconductors (17-22 eV [75]) and amounts to 17 eV for GaN [90].
|rcv |= ħ
Eg
√
EP
2m0
. (1.22)
FromEq. 1.22, we can see that small-bandgap semiconductors have an increased opticalmatrix
element. In the case of aQW, the transition rate is increased as the e-hwavefunction overlap
is increased and both carriers share the same ky if qe = qh . The optical matrix element then
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becomes [108]
|rcv |=|〈c|r·eE |v〉|xz
∫+∞
−∞
Ψ∗e,qe (y)Ψh,qh (y)dy(=0 if qe =qh), (1.23)
where the subscript xz implies that the integral should be taken over the x and z directions
only, contrary to Eq. 1.20. We see that the optical matrix element crucially depends on the
overlap of the electron and hole envelope wavefunction in a QW. In the case of a QW with
built-in electric ﬁeld, such as in III-nitrides, this overlap –and therefore also the light-matter
interaction strength– heavily depend on the QW width. In the Kane approximation, |rcv | is
constant to ﬁrst order in k around the VB andCB extrema [109]. Thismeans thatwe can bring
thematrix element out of the summation of Eq. 1.19 andwe can replace the summation by the
joint density of states (JDOS, i.e. thedensity of states that are connectedby anoptical transition)
Dcv , expressed per unit of energy and per unit of volume ofmaterial [76]
Dcv (ħω)=
∑
kh ,ke
δ(Ec (ke)−Ev (kh)−ħω)=
2
(2π)d
∫
dSk
|∇k(Ec−Ev )|
. (1.24)
The prefactor 2 is coming from the spin degeneracy. Sk is the constant energy surface deﬁned
by Ec−Ev = const. and d is the dimensionality of the system. Solving the integral for 2 and 3
dimensionswith the band dispersion fromEqs. 1.7a and 1.7b gives [75]
D3Dcv (ħω)=
1
2π2
(
2mr
ħ2
) 3
2√ħω−Eg forħω≥Eg , (1.25a)
D2Dcv (ħω)=
mr
πħ2 forħω≥Eg +Eh,con f +Ee,con f , (1.25b)
whileDcv =0 below the bandgap. Weﬁnd that the JDOSmainly depends on the reducedmasses
of the VB and CB. Wide-bandgap semiconductors (with elevated electron and hole masses)
have a larger JDOS. In a 3D semiconductor, we notice a square root continuous increase of the
JDOSwith energy. In aQWon theother hand, it increases in a staircaseway. Ifmultiple conﬁned
states (q=2,3,...) exist in theQW,we get a piecewise constant staircase shape for D2Dcv .
Finally, we get
Rcv (ħω)= 2πe
2
ħ E
2
0 |rcv |2Dcv (ħω). (1.26)
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In this form, we can clearly see the separate contributions from the optical mode (E0), the
wavefunction symmetry (rcv ) and the band dispersion (Dcv ).
We can deﬁne the interband oscillator strength, a dimensionless physical quantity, which
describes the strength of the quantumcoupling between the two states, as [75]
fcv = 2m0ωcv |rcv |
2
ħ . (1.27)
In the case of excitons, the oscillator strength is concentrated in a volume of the order of the
Bohr radius. Therefore, we express the excitonic oscillator strength as [108]
f 3DX = fcv
1
π(aB )3
for 3D excitons, (1.28a)
f 2DX = fcv
8
π(aB )2
for 2D excitons, (1.28b)
per unit of volume andper unit of area, respectively. Wide bandgap semiconductors typically
have a large oscillator strength, due to their small exciton Bohr radius, and hence a strong light-
mattercoupling. Asaresult, theexcitonoscillator strength isalmostanorderofmagnitude larger
inGaN/AlGaNQWs, ( f 2DX =2.1×1013 cm−2) [110], compared to InGaAs/GaAsQWs ( f 2DX =4.8×
1012 cm−2) [111]. This, togetherwith the elevated exciton binding energy in III-nitrides,makes
thismaterial systeman interesting platform for strong light-matter coupling applications.
Optical Selection Rules
Since the hh-band is exclusively composed of pa- and pm-orbitals, it does not interact with
light that is polarized //c . Therefore, theA-transition is optically forbidden for light polarization
//c. B- andC-transitions on the other hand, are allowed in both polarization directions. The
interband oscillator strength values for unstrained GaN are given in Tab. 1.3. The relative
oscillator strengths obey the Thomas-Reiche-Kuhn sum rule
∑
i=A,B ,C f E⊥ccvi =
∑
i=A,B ,C f E//ccvi =1.
This rule states that if the oscillator strengths are distributed over several levels, the sum of
the transition ratesmust equal the classically derived quantity. Since the A subbanddoes not
interact with light polarized along the c-axis, the effective bandgap is larger for this polariza-
tion.
For strainedGaN, the oscillator strengths can drastically change [83, 97]. The oscillator strength
of the A transition is insensitive to isotropic strain in the c-plane, since it consists of only pm
and pa orbitals.
26
1.2. Optical Properties
f E⊥cosc f E//cosc
A 0.5 0
B 0.44 0.12
C 0.06 0.88
Table 1.3 – Relative oscillator strength of the
A, B andC interband transitions in unstrained
bulk GaN at the Γ-point, as calculated using
the k ·p-method [85].
Since the spin of the A subband is±32 and the spin of the CB, and that of the B andCbands is
±12 , the total spin of an exciton or e-h pair is 0,±1 or±2. A photon carries a spin±1 and can only
couple to excitons and e-h pairs with the same spin.
In addition to the polarization and spin selection rules, there are the k selection rules. In a
bulk semiconductor, the excitonwavevector or ke+kh must exactlymatch thewavevector of
a photon with the correct energy. Otherwise, the recombination cannot take place without
assistance of a phonon. In aQW, the selection rules are relaxed, as only the in-planewavevector
is conserved in the recombination process (there is no translation symmetry in the direction
⊥QW.) In this case, the excitonwavevector or ke+kh must bewithin the light cone, i.e. itmust
be smaller than the photonwavevector. This is further explained in Section 2.3.4.
Excitons (and e-h pairs) whose radiative recombination is allowed under these selection rules
are called bright excitons (e-h pairs), while those whose transition is optically forbidden are
called dark excitons (e-h pairs).
1.2.5 Inhomogeneity, Broadening and Localization
Disorder is a central aspect to explain the behavior of electrons, holes and excitons in semi-
conductors. Variations in the local environment alter the energy of the VB, CB andpotentially
the bandgap. In bulk semiconductors, this can be due to point defects, such as impurities or
dopants, or a variation of the strain state around dislocations [112]. In alloys, there is addition-
ally disorder from variations in composition, such as phase separation or cluster formation,
whileQWstatesmay experience disorder originating fromwell width ﬂuctuations, interface
roughness and the alloy disorder described above.
Thesevarious sourcesofdisorder lead to inhomogeneousbroadeningof theband-edgeandexci-
tonic transitions. Asa result, a variation in the transitionenergy is inducedand theexcitons, elec-
trons or holes experience a potential landscape. Since excitons, electrons and holes probe the
environment over a volumedetermined by their Bohr radius and deBrogliewavelength, respec-
tively, theywill experience the average potential of this region. Excitonswith a large Bohr radius
will therefore be less prone to inhomogeneous broadening. Consequently, wide bandgap semi-
conductors, such asGaN,with a small aB , exhibit amore pronounced inhomogeneous broad-
ening than comparable semiconductors with a smaller bandgap and similar crystalline quality.
In such a potential landscape and at low temperatures, species preferably occupy the lowest-
energy states. Consequently, the peak emission energy (determined by the occupied states)
will be lower than the peak absorption energy (determined by all available states). This process
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is called localization and the energy difference between the absorption and emission peak is
called the Stokes shift (SS).
Besides inhomogeneous broadening γinh of the transition energy (which is accounted for
using aGaussian distribution), there is also homogeneous broadeningγhom , which follows a
Lorentzian lineshape. This can be due to two reasons, lifetime broadening, which is a result
ofHeisenberg uncertainty,ΔE= ħΔt , and phononbroadening. In semiconductors, the exciton
lifetime is so long (from several 100 of ps to several ns), that lifetime broadening is negligible.
Wewill therefore only consider phononbroadening here, which can bewritten as [113, 114]
γhom(T )=aT+
b
exp
(
ELO
kBT
)
−1
, (1.29)
where ELO represents the longitudinal optical (LO) phonon energy, and a and b represent the
coupling to the acoustic and LO-phonons, respectively.
Of the binary/ternary III-nitrideQWstructures, GaN/AlGaNQWshave the smallestγinh value.
This ismainly because they are free of In andbecause theGaNwell –which hosts the largest part
of the carrier wavefunction– is a binarymaterial and therefore free of any alloy disorder. Since
InNhas amuch lower bandgap andmuch larger lattice parameters compared toGaN andAlN,
as shown inFig. 1.4, heterostructureswith Inareheavily strained (evenat low Inconcentrations)
and an In atom in the lattice changes the local potential substantially. Consequently, InGaN/-
GaNorGaN/AlInNQWs typically aremore prone to disorder and exhibit larger inhomogeneous
linewidths. As a result of this increased γinh , it ismuchmore challenging to achieve the strong
light-matter coupling regime (explained in Section 2.3) using InGaN/GaNQWs [110].
1.2.6 Refractive Index
Bulk III-Nitrides
The refractive index nop =nr +ini in semiconductors ismainly determined by the band edge
transition. In the single electron picture, the real part nr shows a sharp increase and a cusp-like
feature at the bandgap energy. This is shown in Fig. 1.8(a) for themost relevantmaterials in this
work: bulkGaN, Al0.1Ga0.9N, andAl0.82In0.18N epilayers, and for a 1.5 nm thickGaN/Al0.1Ga0.9N
QW. A consequence of this feature, is that nr decreaseswith increasing Eg of thematerial, for
any given energy below Eg , as illustrated in Fig. 1.9 for the AlInN alloy [115, 116]. This leads to
the interestingproperty that carrier or exciton conﬁnement (which requires lowEg )will happen
in the samematerials as the opticalmode conﬁnement (which requires highnr , see Chapter
2) in a waveguide or cavity. This leads to increased light-matter coupling in semiconductor
cavities andwaveguides, such as the structures used in this work. The optical conﬁnement in
a photonic structure is determined by the refractive index contrast RIC= n
2
1−n22
2n21
between the
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materials with high (n1) and low (n2) refractive index [117]. In this work, we use Al0.82In0.18N as
low-indexmaterial. The RICwithGaN andAl0.1Ga0.9N is also shown in Fig. 1.8(a) and reaches
itsmaximumvalue of 15.5%near the bandgap energy of the high-indexmaterial. In the visible
blue-green spectral region, the contrast amounts to about 4.5 - 6.5%.
The imaginary part of the refractive index ni is closely related to the absorption coefﬁcientα
through the equation [75]
α= 4πni
λ0
= ωχi
cnr
, (1.30)
where χi is the imaginary part of the linear optical susceptibility, deﬁned by εrel = 1+χ =
1+χr +iχi . The absorption coefﬁcient above the bandgap can be calculated as [75]
α(ω)= πe
2|rcv |2ωnr
εc
Dcv (ħω)[ fh(ħω)− fe(ħω)], (1.31)
where and fe(h) is the Fermi-Dirac distribution function of electrons (holes).
1.5 nm GaN/
Al0.1Ga0.9N QW
Bulk Al0.1Ga0.9N
Bulk Al0.82In0.18N
Bulk GaN
(a)
(b)
(c)
Figure 1.8 – Room temperature refractive
index and optical absorption of bulk GaN
(red), Al0.1Ga0.9N (blue), and Al0.82In0.18N
(black) epilayers, and of a 1.5 nm thick
GaN/Al0.1Ga0.9N QW (green). (a) Real
part of the ordinary refractive index and
corresponding RIC of bulk GaN (red) and
Al0.1Ga0.9N (blue) with Al0.82In0.18N epi-
layers. (b) Imaginary part of the ordinary
refractive index. (c) Optical absorption
coefﬁcient. The residual absorption below
the band edge is a result of defect and
impurity states in the bandgap. It therefore
highly depends on the defect and impurity
concentration in the sample. The inset
showsadetail of theQWabsorptionaround
EQW and the barrier band edge. The dis-
persions are issued fromexperimental data
taken from [82] for (Al)GaN and [29] for
AlInN epilayers. The imaginary refractive
index was determined from the reported
absorption through Eq. 1.30.
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Figure 1.9 –Ordinary refractive index of
bulk AlInN layers for different composi-
tions. The refractive index increases for
increasing In concentration. Adapted
from [115].
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Bothni andα exhibit a stepatEg . In an ideal semiconductor, thesequantities are zerobelow the
bandgap, since no transitions between occupied and unoccupied states are available at these
energies. In reality, however, defects introduce states in the gap, which results in nonzero sub-
bandgap absorption and imaginary refractive index [118]. Free carriers also cause absorption,
but this is typically occurring in the infrared spectral region [118]. Both quantities are depicted
in Figs. 1.8(b) and 1.8(c), respectively. It is imperative for high-quality photonic devices to keep
residual absorption as low as possible, as this is amajor source of loss and decoherence. The
absorption step at Eg is broadened by γinh , i.e. it is a Heaviside function convoluted with a
Gaussianwith fullwidthathalfmaximum(FWHM)γinh . It is typically very sharp inhigh-quality
GaN (< 1meV) [91] and broader for ternary III-N alloys [82].
Due to the anisotropic structure of III-Ns, theywill exhibit birefringence, i.e. propagating light
experiences a different refractive index if it is polarized along or perpendicular to the optical
axis c. Since the A subband only interacts with light polarized⊥ c, the E//c polarization can
interact exclusivelywith the B andC subbands and therefore it experiences a larger effective
bandgap. In this respect, the c-axis is called the extraordinary axis, while the a- and m-axes
are called ordinary axes. Sincewewill focus on the transverse electric (TE)modes of c-plane
waveguides in this work, which are polarized along the ordinary axes, we only represent the
ordinary refractive index no in Fig. 1.8.
QuantumWell Structures
The refractive index of aQWcanbe approximated by shifting the index of the bulkmaterial by
the conﬁnement energy E1e,con f +E1h,con f . The absorption in aQW resulting froma transition
between a single valence subband and the conduction band is given by [75]
α2D (λ0)= πe
2EPmr
3λ0nr ε0E2g dQW m0
, (1.32)
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where λ0 is the vacuum wavelength and nr is the real part of the refractive index of the QW
material. Inmost practical cases, two or three transitions, i.e. A, B and optionally C,must be
taken into account to ﬁnd the total QWabsorption [75]. For energies above the barrier bandgap,
the bulk behavior is recovered, as shown in Fig. 1.8(c).
Effect of an Exciton Transition
The optical response of a homogeneously broadened (with FWHM γhom) bulk or quantumwell
exciton at energy EX can bewell described by theDrude-Lorentz dampedharmonic oscillator
model [77]:
εhomrel (ħω)=εbg +
f 3DX e
2ħ2
0MX
1
E2X −(ħω)2+iγhomħω
, (1.33a)
εhomrel (ħω)=εbg +
f 2DX e
2ħ2
dQW 0MX
1
E2X −(ħω)2+iγhomħω
, (1.33b)
for bulk andQWexcitons, respectively, where εbg is the backgroundpermittivity of the semi-
conductor. In case of inhomogeneous broadening of the excitonic transition, which is typically
the case for III-NQWs, the excitonic Lorentzian response has to be convolutedwith aGaussian
function of standard deviationσ and FWHMγinh =2

2ln2σ
εrel (ħω)=
1
σ

2π
∫+∞
0
exp
(
− (E
′−ħω)2
2σ2
)
εhomrel (E
′)dE ′. (1.34)
Theoscillator strengthdetermines the integrated intensityof theLorentzian feature, as shown in
Fig. 1.10(a). Inhomogeneous broadening of the excitonic transition dilutes the optical response
over a larger spectral region. This results in a reduction in the feature amplitude, as shown in
Fig. 1.10(b). Note that the effect of bulk excitons has been omitted in Fig. 1.8, since the feature
is quite small at room temperature due to homogeneous broadening.
1.2.7 Effect of Carrier Density in Quantum Wells
Up to now,we have adopted a low carrier density picture. However, at elevated carrier densities
N , several effectsmodify theQWproperties. Theywill therefore be discussed in this section.
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Figure 1.10 –Optical responseof the
ground state excitonic transition at
low temperature (T = 12 K) in a 1.5
nm thickGaN/Al0.1Ga0.9NQW. Real
(top) and imaginary (bottom) part
of the refractive index. (a) Effect
of the oscillator strength fX , which
determines the amplitude of the
Lorentzian response. (b) Effect of
the inhomogeneous broadening
γinh , which dilutes the excitonic re-
sponse over a larger spectral range.
(a) (b)
Screening of theBuilt-in Field
When the free carrier density in aQWapproaches the polarization charge densityσ+ andσ−,
the built-in electric ﬁeld is screened and the QCSE is reduced. As a consequence, Eg and EX
will blueshift until the ﬂat-band regime is reached forwhich F ≈0.
In order to calculate this blueshift, the Schrödinger equation (Eq. 1.3) should be solved simul-
taneouslywith Poisson’s equation [97]:
∂2Φ(y)
∂y2
=−ρ(y)
ε
, (1.35)
where Φ represents the electrostatic potential, ρ represents the charge density, and y is the
position coordinate along the growth direction. Indeed, the band potential will determine the
electron and hole envelopewavefunctions through the Schrödinger equation, while the charge
distribution (given by the envelopewavefunctions) will screen F andmodify the band potential
throughPoisson’sequation. Aconsistent solutionofbothequationscanbereachedby iteratively
solving onewith the output of the other until convergence is reached: F
Schrödinger−−−−−−−−→Ψe,h Poisson−−−−−→
F
Schrödinger−−−−−−−−→Ψe,h Poisson−−−−−→ ... In this work, we used a self-consistent Schrödinger-Poisson solver
developedby J. Levrat andG.RossbachatEPFL-LASPE [97, 119] that couldaccurately reproduce
the behavior of high quality single GaN/AlGaNQWsupon increasing carrier density.
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Bandgap Renormalization
With increasing carrier density, inter-particle interactions between excitons increase aswell.
Owing to the fermionic nature of the exciton constituents, both direct and exchange terms
of theCoulomb-interaction have to be considered. This causes amonotonous redshift of the
band edge Eg , the so-called bandgap renormalization (BGR), which follows a cubic root density
dependence [120]
ΔEBGR (N )=3.1a2/3B EBN1/3. (1.36)
Here, EB is determined from k ·p calculations [85] and aB follows fromEq. 1.11.
From Bosonic Excitons to aFermionic Electron-Hole Plasma
Since excitons are composedof two fermionic constituents, they have an integer total spin. This
suggests that they should behave as bosons. Contrary to fermions, bosons do not obey the Pauli
blockingprinciple. Within the frameworkof secondquantization, the creation andannihilation
operators of a boson ofwave-vector k, b†k and bk, respectively, fulﬁll the commutation rule:
[bk,b
†
k′ ]=δk,k′ , (1.37)
where δ represents the Kronecker delta. It can be shown that Eq. 1.37 is never completely
satisﬁed for excitons, but a good agreement is achieved in the lowdensity regime [121]. When
the density approaches the hard-sphere density, i.e. N = 1
πa2B
, the ideal bosonic behavior of Eq.
1.37 is gradually lost. This is a consequence of the increasing exchange interaction andphase
space ﬁlling (Pauli blocking principle) of the fermionic constituents [121, 122].
Mott-transition
In thehigh-density regime, the (repulsive) inter-particle interactionsbetweenthe fermioniccon-
stituentsof theexcitons,will causeablueshiftof theexcitonenergy, a reductionofEB andeventu-
ally a dissociation of the excitons. This transition froman insulating exciton gas to a conducting
e-h plasma is called theMott transition, after the ﬁrst predictionmade by Sir NevillMott [123].
The Mott-transition in GaN/AlGaN QWs has been extensively studied by G. Rossbach et al.
[124]. They showed that theMott-transition is a secondary phase transition that occurs around
N ∼1012 cm−2 with the fulﬁllment of two criteria. In the ﬁrst criterion, Eg (which redshifts with
N due to BGR) equals EX (which blueshifts due repulsive inter-particle interactions). If these
quantities are equal, the exciton binding energy (the difference between both) vanishes and the
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exciton gas dissociates. The second criterion is the Bernard-Duraffourg condition [125, 124]:
the separation of electron and hole quasi-Fermi levels exceeds the bandgap and the stimulated
emission rate exceeds the absorption rate. We therefore get optical gain (see Section 2.4). Since
this is a purely fermionic effect, electrons and holes become the dominant species.
Oscillator Strength and Absorption Saturation
The exciton oscillator strength fX will decrease with increasing carrier density due to phase
space ﬁlling and to theCoulomb exchange interaction. Whenmore excitonic states are occu-
pied, less are available to absorb a photon, hence the light-matter interaction and the oscillator
strength are reduced. The exchange interaction causes the exciton binding energy to decrease,
as explained above, which results in an increased Bohr radius and a decreased interaction
between electrons andholes. This also results in a decrease in the oscillator strength and the
optical absorption.
In Ref. [126], Schmitt-Rink et al. assumed a linear relation between exciton density NX and the
oscillator strength variation
Δ fX =− NX
Nsat
fX . (1.38)
This is only valid for small saturation in the low-density regime. They found that the saturation
exciton density Nsat is equal to
Nsat ≈ 0.117
πa2B
, (1.39)
where the contributions fromphase space ﬁlling and exchange interaction are roughly equal
[126]. It is important to notice that Eq. 1.39 is derived in the casewhere the saturating particle
is the exciton andhence it neglects the contribution of free electrons and holes.
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ductor Waveguides
This chapter, discusses the optical properties of III-N waveguides. We will start with a gen-
eral discussion on the origin and the properties of guided modes in Section 2.1. Section 2.2
elucidates the properties of grating couplers. The chapter continueswith an introduction on
the light-matter interaction between waveguide modes and electronic excitations in semi-
conductors. Section 2.3 discusses the couplingwith excitons, which leads to the formation of
propagating exciton-polaritons. While Section 2.4 focuses on the coupling to an electron-hole
plasma,which results in optical gain.
2.1 Guided Modes in OpticalWaveguides
2.1.1 Total Internal Reﬂection at an Interface
In order to understand the origin and the dispersion of waveguidemodes, we ﬁrst discuss total
internal reﬂection (TIR) occurring at an interface.
Let us consider a planar electromagnetic wave that is incident at an interface between two
mediawith refractive index n1 and n2, respectively, with n1>n2. In general, part of the incident
light will be reﬂected and part of it will be transmitted. Here, we are interested in the case
of internal reﬂection, i.e. the situation where light is incident from the high index side, as is
sketched in Fig. 2.1. In phasor notation, the incident, transmitted and reﬂected ﬁelds will
all contain a factor of the form e−ikz z , where z is the direction of propagation parallel to the
interface, cf. Fig. 2.1. Since theMaxwell boundary conditionsmust be fulﬁlled for all values of
z (i.e. at every point of the interface), the threewavesmust have the same in-planewavevector
component kz . This is the case if the reﬂectedwave has the same anglewith the normal as the
incidentwave and the transmittedwave fulﬁlls
k1sinθ1=k2sinθ2 (2.1a)
⇔n1sinθ1=n2sinθ2. (2.1b)
with k1= 2πn1λ0 =
ωn1
c and k2= 2πn2λ0 =
ωn2
c thewavenumbers inmedia 1 and 2, respectively. This
is known as Snell’s law. In the case of internal reﬂection, θ2>θ1 since n1>n2. Thismeans that
for a certain θ1 value, called the critical angle θc , themagnitude of thewavevector component
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Figure 2.1 – Wavevectors of
the incident, reﬂected and
transmitted light (ki, kr and
kt, respectively) at an interface
between two media. We take
n1 > n2, which implies that the
wavevectors in medium 1 are
larger and therefore θ2 > θ1. (a)
Case where θ1 < θc . (b) Case
where θ1=θc and θ2= π2 .
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parallel to the interface of the incident and reﬂected waves will be equal to k2. In this case,
θ2= π2 . Thismeans that
sinθc = n2
n1
.
If θ1 increases even further, sinθ2 must be larger than unity in order to fulﬁll Eq. 2.1b. This
can only be the case if θ2 becomes complex. The extended deﬁnitions of sine and cosine for
complex arguments (θ2=θ2,r +iθ2,i ) are:
sin(θ2,r +iθ2,i )=sinθ2,r coshθ2,i+icosθ2,r sinhθ2,i , (2.2a)
cos(θ2,r +iθ2,i )=cosθ2,r coshθ2,i−isinθ2,r sinhθ2,i . (2.2b)
In order for sinθ2 to be real and > 1, we see that θ2,r = π2 and θ2,i = 0. This implies that
cosθ2=−isinhθ2,i .
The reﬂection coefﬁcients at an interface are given by the Fresnel equations [127]:
rTE =|rTE |eiϕTE = n1cosθ1−n2cosθ2
n1cosθ1+n2cosθ2
=
n1cosθ1−n2
√
n21/n
2
2(sin
2θc−sin2θ1)
n1cosθ1+n2
√
n21/n
2
2(sin
2θc−sin2θ1)
, (2.3a)
rT M =|rT M |eiϕT M = n2cosθ1−n1cosθ2
n2cosθ1+n1cosθ2
=
n2cosθ1−n1
√
n21/n
2
2(sin
2θc−sin2θ1)
n2cosθ1+n1
√
n21/n
2
2(sin
2θc−sin2θ1)
. (2.3b)
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Figure 2.2 – Conﬁnement and constructive interference condition in awaveguide. When the
propagation angle θ1 of a planewave is below θc (left), the latter is only partially reﬂected at the
interfaces and optical conﬁnement is weak. If θ1>θc (right), we have total internal reﬂection
and the conﬁnement is perfect for an ideal waveguide. Modes can only self-consistently exist
in the waveguide if a plane wave constructively interferes with itself after two subsequent
reﬂections. This means that the wavefronts of the two waves (represented by the thin lines
in the right sketch)must coincide.
Here, TEmeans that the electric ﬁeld is perpendicular to the yz plane, i.e. oriented along x, and
transversemagnetic (TM)means that themagnetic ﬁeld is oriented along x. Note that in case
of a TM polarized wave, rT M =0 for θ1=θB =arctan n2n1 . We call this angle the Brewster angle.
If θ1>θc , the argument of the square root becomes negative and cosθ2 becomes imaginary1
θ2=−i
√
n21/n
2
2(sin
2θ1−sin2θc ). (2.4)
Consequently, the expressions in the numerator and denominator of Eqs. 2.3 are complex
conjugates and r is a complex numberwith unity squaremodulus and nonzero argument. This
means that light will be fully reﬂected at the interface, with a phase shift given by
tan
ϕTE
2
=
√
cos2θc
cos2θ1
−1= β
2−k22
k21−β2
, (2.5a)
tan
ϕT M
2
= n
2
1
n22
√
cos2θc
cos2θ1
−1= n
2
1
n22
β2−k22
k21−β2
, (2.5b)
whereβ=kz represents thewavevector component in theplane of the interface. For this reason,
we call the situationwhere the incident angle θ1>θc TIR.
1The dependence of the transmitted electric and magnetic ﬁelds in the y direction is given by
e−ik2,y y = e−ik2cosθ2y . Since the magnitude of these ﬁelds cannot reach ∞ for y → +∞, cos θ2 must be in
the lower complex half plane andwe get exponentially decaying ﬁelds in the+y-direction.
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Figure 2.3 – (a) Phase shiftϕ of a TE and TMpolarized planewave after reﬂection at an interface
between two media with refractive index n1 and n2, respectively. For low angles, r =|r |eiϕ is
real andpositive, while for θ1>θc , r is complexwith an increasing argument. In the TMcase,
r is real andnegative between θB and θc . (b) and (c)Mode dispersion of a 2D slab in the lossy
(β ≤ωn2/c) and guided regime (β >ωn2/c) for (b) TM and (c) TE polarizations. Due to the
increased phase shift between the Brewster and critical angle for the TM case, the energy of
mode m is shifted to the energy ofmode m+1.
2.1.2 Waveguide Modes
If we put a 2D slab of a high-index (n1)material with thickness dwg between two low-index (n2)
cladding layers (this structure is commonly called a 2D optical waveguide), a planewave propa-
gatingwith anangleθ1>θc , will undergoTIR at both interfaces of thewaveguide andwill beper-
fectly conﬁned. In the casewhere θ1<θc , there is only partial reﬂection and the conﬁnement is
lossy. These two regimes are sketched inFig. 2.2. Anotherwayof differentiating the two regimes,
is via the in-plane wavevector component kz . In the context of waveguides, this wavevector
component is usually called the propagation constantβ= ωn1c sinθ1 of the guidedmode. Total
internal reﬂection ariseswhenβ>k2= ωn2c , as explained above,whereas partial reﬂection arises
whenβ≤k2. In the former case, we say thatβ is outside the cladding light cone described by
k2= ωn2c andwe call this thewaveguide regime. In the latter case,β is inside the cladding light
cone and this is called the Fabry-Perot regime. A microcavity is a Fabry-Perot cavity, where
the limited interface reﬂectivity is enhanced by adding amultilayerDBRonboth sides. ADBR
consists of a stack of alternating high- and low-index quarter-wavelength layers. The waves
reﬂected off the different interfaces constructively interfere and the reﬂectivity is enhanced.
In order for a lightwave to self-consistently exist in thewaveguide, itmust constructively inter-
ferewith itself after two consecutive reﬂections, as illustrated in Fig. 2.2. This will be the case if
n1
ω
c
2dwgcosθm−2ϕ=2πm, (2.6)
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Figure 2.4 – Electric-ﬁeld intensity
proﬁle of the four most fundamental
waveguide modes. The mode order
m represents the number of nodes
in the proﬁle. The TM modes have a
discontinuity in the electric ﬁeld at
the interface, since their E-ﬁeld has a
component perpendicular to the inter-
face and for this orientation, D =εE is
continuous across the interface. The
TEmodes have their E-ﬁeld tangential
to the interface, and therefore there is
no discontinuity.
with m ∈N. This limits the possible values of β for every wavelength. Consequently, we get
discrete eigenmodes that can exist in the waveguide. m is called the order of the mode. The
dispersion of these modes is shown in Fig. 2.3. The dispersion in the Fabry-Perot regime is
approximately parabolic, while it is approximately linear in thewaveguide regime. Due to the
ϕ=πphase shift between θB and θC in the TMcase, the energy of themodes discontinuously
shifts to higher energy for constant m.
We see that for any given energy andwaveguide thicknessdwg , only a limited number of guided
modes can exist. When we reduce dwg or increase the wavelength, the number of modes is
reduced and higher-ordermodes are cut off. If thewaveguide is not symmetric, i.e. the top and
bottom claddings have a different refractive index, the term 2ϕ in Eq. 2.6 has to be replaced
by the sum of the two appropriate phase shifts as calculated by Eq. 2.5. Additionally, guided
modeswill only exist ifβ lies outside both cladding’s light cones in this case.
If Eq. 2.6 is fulﬁlled, the upward and downward propagating plane waves that are sketched
in Fig. 2.2, form a consistent standing wave pattern. This standing wave propagates in the
structure with wave number β= ωne f fc , where we have deﬁned the effective refractive index
ne f f =n1sinθ1. The standingwave in thewaveguide is completed by an evanescentwave in the
cladding, as shown in Fig. 2.4 for the TEm andTMm modeswith m=0,1. The intensity proﬁle
of the optical mode will be an important feature to consider when discussing light-matter
interaction, as the couplingwill be proportional to the local ﬁeld strength. Thismeans, e.g., that
an exciton in aQW located at a node of themodal ﬁeldwill not couple to the opticalmode. The
mode order m also represents the number of nodes in the standingwave.
An important parameter that is deduced from themode proﬁle, is themodal volumeV , or in
1D, themodal effective length Le f f . In this work, we use the following deﬁnition of the effective
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length of thewaveguidemode [128]:
Le f f =V1D =
∫
ε|E |2dy
max(ε|E |2) . (2.7)
The denominator assures the correct normalization of the peak modal ﬁeld to unity. Le f f
deﬁnes the region to which a photon is conﬁned. A small effective length leads to a large
electric ﬁeld strength according to Eq. 1.21 and consequently, a large light-matter interac-
tion.
Note that formicrocavities, the effectivemodal length is usually deﬁned as [129]
LMCe f f =2
∫
ε|E |2dy
max(ε|E |2) . (2.8)
The rationale behind this deﬁnition is that it represents the cavity length required to have an
equal one-dimensionalmode volume if therewere no evanescent ﬁelds in the distributedBragg
reﬂectors. Since amicrocavity has a sinusoidalmode proﬁle (as detailed below)with an average
value of themodal ﬁeld intensity over the standingwave equal to 12 , we get that
LMCe f f =2Le f f , (2.9)
which corresponds exactly to Eq. 2.8.
2.2 Theory of GratingCouplers
Sincewaveguidemodes are outside the air light cone, they cannot couple to free-space radiant
modes. Ifwewant tostudy theirmodaldispersion,weeitherhave tocollect the light fromtheend
of thewaveguide (end-ﬁre coupling), orwehave touseagrating coupler. In thiswork,weuse the
latter option, because it allows a directmapping of the guidedmodewavevector, following Eq.
2.11, derived below. Additionally, light collection in the sample plane, as required for end-ﬁre
coupling, is challengingwith our cold-ﬁnger cryostat. The setup is described in Section 4.2.
In order to understand theworking principle of a grating coupler, we ﬁrst consider scattering
of a lightwave by a periodic structure. Consider a planar lightwavewithwavevector ki that is
incident on a periodic ensemble of line scatterers with periodΛ, as depicted in Fig. 2.5. Diffrac-
tion of the incoming light will only happen if the contributions fromdifferent line scatterers
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Figure 2.5 – Diffraction from a periodic
ensemble of line scatterers. Constructive
interference occurs for those directions
where the blue and red pathways have
a phase difference which is an integer
multiple of 2π.
interfere constructively. This will be the case for those directions (deﬁned by the angle θmade
with the normal to the grating plane)where the red and blue pathways have a phase difference
equal to an integer multiple of 2π. Along the blue pathway, the incident wave experiences a
phase shift of ki ,zΛ, before reaching the second scatterer. Meanwhile, the scattered wave ks
has experienced a phase shift of ksΛsinθ. Therefore, we get constructive interference if
ki ,zΛ−ksΛsinθ=2πq (2.10a)
⇔ki ,z− 2πq
Λ
=kssinθ, (2.10b)
with q ∈Z the diffraction order. In this work, we use ﬁrst-order gratings to maximize the out-
coupled light intensity and to avoid back-reﬂection into thewaveguide. If we apply Eq. 2.10b
to the case of a grating coupler on awaveguide (which is in its basic formnothingmore than
a set of periodic line scatterers), where the incident wave is a guided mode with ki ,z =β, and
kssinθ is the z-component of the outcoupledwave in air, kz,air , we get the following relation
between the guidedmodewavevector and the emission angle from the grating coupler,
kz,air = ω
c
sinθ=β− 2πq
Λ
. (2.11)
This simple relation allowsus to determine the guidedmode in-planewavevector componentβ
from the emission angle and themode dispersion. We can choose the grating period such that
the in-planewavevector region of interest is emitted close to the normal to the sample surface
andwithin the numerical aperture of the collection optics.
2.3 WaveguideExciton-Polaritons
2.3.1 Exciton-Photon Coupling
An electronic excitation, such as an exciton, that is coupled to the vacuum ﬁeld will decay
according to Fermi’s golden rule (Eq. 1.26), as explained in Section 1.2.4. We remind that
Eq. 1.26 contains a factor E20, the electrical ﬁeld intensity at the location of the excitation,
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corresponding to a single photon in the opticalmode towhich the excitation is coupled. The
transition rate can thereforebeenhancedor reducedbyvaryingE0, e.g. bymoving theexcitation
to an antinode or a node of the optical ﬁeld, or by decreasing or increasing the optical mode
volumeV (cf. Eq. 1.21). Here we will consider excitons as electronic excitations (Section 2.4
will discuss the case of unbound electron-hole pairs) andwewill focus on the case of enhanced
interaction.
If the loss rate is higher than the reabsorption rate of an emitted photon, the photonwill escape
from thewaveguide before reabsorption by the emitter occurs. This regime is called theweak
coupling regime (WCR). If we can enhance the light-matter interaction in such away that the
reabsorption rate becomes higher than the loss rate, an emitted photon will be reabsorbed
before it can escape from thewaveguide. In this SCR, the present energy packetwill oscillate
back and forth between a photonic and an excitonic state. We call such a hybrid quasi-particle
an exciton-polariton, or polariton for short. These polaritons have very interesting properties
that are intermediate between those of photons and excitons, such as light-like propagation
and inter-particle interactions coming from their excitonic part.
The coupling between excitonic and opticalmodes can be understood bymaking the analogy
with two coupled mechanical oscillators, as sketched in Fig. 2.6. We consider two pendula
(where one represents the photonicmode and the second the excitonicmode) of equal length,
mass mp and angular resonance frequencyω, which are coupled by a spring of stiffness k and
coupling constant g =
√
k
mp
. If the damping rates γ1, γ2 of pendula 1 and 2, respectively, are
much higher than g , a displacement given to one of the pendula will die out before it can be
transmitted to the other one and the system is in theWCR. If on the other hand, γ1,γ2g , the
system is in the SCR and mechanical energy will be exchanged between the two pendula, as
illustrated in Fig. 2.6. Themovement of the pendula follows a beating pattern, which can be
described by the sumof two frequencies: ωac andωopt . ωac corresponds to the eigenfrequency
of the acoustic eigenmode of the coupled system, where both pendula move in phase, and
ωopt >ωac corresponds to the eigenfrequency of the optical eigenmode, where both pendula
movewith opposite phases. The generation of newhybrid eigenmodes, with a splitting in their
eigenenergies, is a deﬁning characteristic of the SCR.
2.3.2 Coupled Quantum Oscillator Model
In analogy to the coupledmechanical oscillators, the light-matter interaction can be described
by two coupled quantumoscillatorswith exciton-photon coupling strength g0. For a conﬁned
optical mode with effective length Le f f and refractive index ne f f coupled to QW excitons, it
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Figure 2.6 – Coupled mechanical oscillators
in the strong (SCR) and weak coupling
regime (WCR). (top) Sketch of two harmonic
oscillators with uncoupled eigenfrequencies
ω1 and ω2 and damping rates γ1 and γ2,
respectively, joined by a spring of coupling
constant g . (bottom) Oscillatory movement
as a function of time. In the SCR (g γ1,γ2),
energy is transferred back and forth between
the oscillatorsmany times before the energy
is dissipated. In theWCR (g γ1,γ2), energy
is dissipated before it can be transferred
can be expressed (in units of energy) as [128, 129]
g0= ħ
2
√√√√√ e2Ne f fQW fX
m0ε0n2e f f Le f f
, (2.12)
whereNe f fQW is theeffectivenumberofQWs that are coupled to theopticalmode, i.e. thenominal
number of QWsweighted by the intensity of themodal ﬁeld:
NQWe f f =
∑
yi ε(yi )|E(yi )|2
max(ε|E |2) , (2.13)
with i theQWnumber and yi the respectiveQWpositions.
FromEq. 2.12, we can seewhich parameters inﬂuence the exciton-photon coupling. A large
oscillator strength,which is typicallypresent inwide-bandgapsemiconductors suchasGaNand
ZnO, favors a large g0 value. Additionally, structureswith a large N
e f f
QW , combinedwith a small
Le f f , in otherwords a good overlap between theQWs and the opticalmode, have an intense
light-matter interaction. For the latter criterion, waveguides have a signiﬁcant advantage over
microcavities, since in the latter the opticalmode extends far into theDBRs surrounding the
cavity, leading to a large Le f f valuewith a relatively small N
e f f
QW , whereas it quickly decays in the
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waveguide claddings. This point ismore extensively discussed and illustrated in Section 2.3.4.
In the framework of second quantization, an exciton and a photon of in-planewavevectorβ
are characterized by their respective creation (dˆ†
β
and cˆ†
β
) and annihilation operators (dˆβ and
cˆβ). In the coupled quantumoscillatormodel, the coupled photonic (with energy Eph(β) and
decay rate γph) and excitonic (EX (β), γX ) states are described by theHamiltonian
Hˆ= (EX (β)+iγX )dˆ†βdˆβ+(Eph(β)+iγph)cˆ†βcˆβ+g0
[
dˆ†
β
cˆβ+cˆ†βdˆβ
]
, (2.14)
or inmatrix form
Ĥ=
[
EX +iγX g0
g0 Eph+iγph
]
. (2.15)
The eigenstates of the systemare the upper (UP) and lower polaritons (LP) and can be found
by diagonalizing thisHamiltonian using the unitary transformation
pˆLP,β=X (β)dˆβ+P (β)cˆβ, (2.16a)
pˆUP,β=−P (β)dˆβ+X (β)cˆβ. (2.16b)
X and P are called theHopﬁeld coefﬁcients [96], which satisfy |X |2+|P |2=1. The diagonalized
Hamiltonian reads
Hˆ=ELP (β)pˆ†LP,βpˆLP,β+EUP (β)pˆ†UP,βpˆUP,β. (2.17)
The operators pˆ†LP,β, pˆLP,β and pˆ
†
UP,β, pˆUP,β are creation and annihilation operators of the LP
andUP, respectively. The eigenenergies of these hybrid states are
EUP (β)= 1
2
[
EX +Eph+i (γX +γph)+
√
4g 20−(γX −γph)2+(EX −Eph)2
]
, (2.18a)
ELP (β)= 1
2
[
EX +Eph+i (γX +γph)−
√
4g 20−(γX −γph)2+(EX −Eph)2
]
. (2.18b)
The upper (UPB) and lower polariton branch (LPB) exhibit an anticrossing, as shown in Fig.
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Figure 2.7 – Two quantum oscilla-
tors with a coupling strength of
g0 = 30 meV. (a) The polariton
branches anticross near zero de-
tuning. The upper and lower po-
lariton branches gradually change
fromexciton-like andphoton-like,
respectively, at strongly negative
detuning to the inverse situation at
strongly positive detuning. (b) The
photon and exciton fraction of the
LPB are determined by the square
modulus of the Hopﬁeld coefﬁ-
cients, |P |2 and |X |2, respectively.
2.7(a), which is a characteristic feature of the SCR. The normalmode splitting or Rabi splitting
ΩRabi is deﬁned as the minimal distance between the two branches, which occurs at zero
detuning (δ=Eph−EX =0). By subtracting ELP from EUP , we obtain
ΩRabi =
√
4g 20−(γX −γph)2. (2.19)
TheHopﬁeld coefﬁcients are given by
X (β)= 1√
1+
(
ELP (β)−EX
g0
)2 , (2.20a)
P (β)= 1√
1+
(
g0
ELP (β)−EX
)2 . (2.20b)
|X |2 and |P |2 represent the excitonic and photonic fraction of the lower polaritons, respectively,
and are shown in Fig. 2.7(b). This implies that one can vary the light and matter content of
polaritons by changing the detuning between the exciton and photon mode. As such, many
polariton properties, such as lifetime, propagation andpolariton-polariton interactions can
be tuned aswell.
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This coupled oscillator model (COM) represents a simpliﬁed picture, and neglects the dis-
persion of the refractive index, inhomogeneous linewidth broadening and the inﬂuence of
the electron-hole continuum absorption. In order to circumvent these limitations, a linear
dispersionmodel is often used, which is based on the optical response of excitons.
2.3.3 Linear Dispersion Model
The intrinsic properties of strongly coupled systems, such as the normal mode splitting or
the energy dispersion, can bewell described in the linear regimewithout the need for a quan-
tum picture. Nonlinear phenomena however, such as Bose-Einstein condensation [130] or
polariton lasing [17], can only be described by a quantum model. Zhu and coworkers suc-
cessfully explained the splitting of a resonant cavity coupled to an ensemble of bariumatoms
considered as Lorentz oscillators, by using a linear dispersionmodel [131]. The same is valid
for semiconductor excitons coupled to a waveguide or cavity mode. Their optical response
can be described by the Drude-Lorentz model explained in Section 1.2.6. The effect of this
Lorentzian feature on the coupled system is an increase ofne f f at energies just below EX and
a decrease of ne f f just above EX . An increased refractive indexwill cause an increase in optical
distances (theproduct of distance and refractive index) andconsequently, a shift towards longer
wavelengths or smaller energies of themodes. Conversely, a decreased refractive index causes
a blueshift of the modes. As a result, the optical mode is shifted away from EX on both the
high and low energy side of the exciton resonance, leading to the characteristic anticrossing
behavior.
The advantage of this approach is that effects such as dispersion of the refractive index, ﬁeld
distribution in thewaveguide, inhomogeneous linewidth broadening and absorption in the
materials are intrinsically considered. The ﬁnal step is to ﬁnd the resonantmodes in the system
using an optical solving technique, such as transfermatrix simulations (TMS) [132], the ﬁnite
elementmethod or the ﬁnite-difference time-domain (FDTD)method. In this work, wemainly
use an FDTD solver, which is elaborately explained in Appendix A. A TMS solver developed by J.
Levrat, G. Rossbach andM.Glauser at EPFL-LASPEwas occasionally used formodeling planar
microcavities [97, 119, 133], whichwere considered for the sake of comparison
This linear dispersion model allows to directly compare the impact of γinh and γhom on the
coupling regime of the system. It was shownbyHoudré and coworkers that inhomogeneous
broadening of the excitonicmode has no effect on the Rabi splitting of the system [134]. This
is true as long as γinh <g0 [97]. For larger inhomogeneous broadening, the splitting is reduced
and the SCR is gradually lost [110]. For homogeneous broadening on the other hand, small
values of γhom already reduce the splitting [97].
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2.3.4 Microcavity and WaveguidePolaritons
The SCRwas ﬁrst observed in a sodiumRydberg atom cavity at room temperature in 1983 [135].
Almost a decade after this ﬁrst demonstration, in 1992,Weisbuch and coworkers demonstrated
the samephenomenon in aGaAs-based semiconductor planarmicrocavity at 4 K [136]. In the
following decades a lot of researchwas conducted on these structures, where an optical cavity
mode (Fabry-Perotmode conﬁned by twoDBRs) is strongly coupled to bulk or QWexcitons. As
an illustration, anAl0.1Ga0.9N cavitywith a 35 pair Al0.83In0.17N/Al0.1Ga0.9N bottomDBRand
an 8 pair SiO2/Si3N4 top DBR is shown in Fig. 2.8(a), together with its optical mode. Due to
the relatively weak spatial conﬁnement of a typical DBR (which depends mainly on the RIC
between the high- and low-index material), the optical mode extends quite far into the DBR
region, resulting in a large Le f f =330 nm. For comparison, a III-Nwaveguide consisting of the
samematerials is shown in Fig. 2.8(b). Here, the TIR conﬁnement ensures a rapid decay of the
opticalmode in the cladding layers, leading to a smallLe f f =88nmanda goodoverlap between
the opticalmode and the active region. Besides spatial conﬁnement, the temporal conﬁnement
is also improved, i.e. the photon leakage is reduced in awaveguidewith respect to amicrocavity.
The photon lifetime τph = ħγph (with γph expressed as an energy) in amicrocavity is determined
by the reﬂectivity R=|r |2 of themirrors. For aDBR, the peak reﬂectivity increaseswith the RIC
between the high and low indexmaterial and the number of pairs. Typically, aDBR can reach
95 - 99.9%peak reﬂectivity, depending on thewavelength and the chosenmaterial system. TIR,
on the other hand, is in theory lossless. In awaveguide, τph is limited by interface roughness
scattering and absorption in the waveguide. A quantity that is widely used to describe the
optical temporal conﬁnement is the quality factor
Q=ωphτph =
Eph
γph
. (2.21)
It represents the number of oscillations the optical ﬁeldmakeswithin the photon lifetime.
One of themain reasons for the high scientiﬁc interest inmicrocavity polaritons is their very
low effectivemass, which is of the order of 10−4m0. Indeed, looking at the energy dispersion
of themicrocavity described above, operating in the SCR (as shown in Fig. 2.8(c)), we ﬁnd that
the LPBhas a curvature similar to the photonicmode nearβ=0. Note that the exciton is nearly
dispersionless at this scale due to itsmuch largermass. As a consequence of this very lowmass
and the bosonic nature of polaritons, Bose-Einstein condensation has been demonstrated
at liquidHe temperatures [130] in a CdTe-basedmicrocavity, compared to the∼100 nK tem-
peratures required to form such a condensatewithmuchheavier cold atoms [137]. Polariton
lasing, a phenomenon that is similar to Bose-Einstein condensation, butwhere the polaritons
lack a thermal energy distribution, has even been demonstrated at room temperature in a
III-Nmicrocavity, both using a bulk active region [17], and aGaN/AlGaNMQWactive region
[18]. This condensation leads to interesting phenomena going fromcoherent light emission
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Figure 2.8 – Modal ﬁeld proﬁle and energy dispersion of a III-N microcavity and waveguide,
tailored for an exciton energy of 3.6 eV. (a)Modal ﬁeld intensity (red line) and refractive index
proﬁle (black line) of a 5λ/2 Al0.1Ga0.9N cavitywith a 35 pair Al0.83In0.17N/Al0.1Ga0.9N bottom
DBR and an 8 pair SiO2/Si3N4 topDBR. The opticalmode extends substantially into theDBRs,
especially the bottomone. (b)Modal ﬁeld intensity (red line) and refractive index proﬁle (black
line) of a 130 nm Al0.1Ga0.9N waveguide with an Al0.83In0.17N bottom cladding and SiO2 top
cladding. Themode iswell conﬁnedwithin the core layer. (c) Energy dispersion of the cavity
shownin(a)containingQWswithanexcitonenergy (EX , bluedashed line)of3.6eV.TheUPBand
LPB are shown for a coupling strength g0=30meV, as calculatedwith the COM.Note that in the
case of 0 detuning atβ=0 shownhere,δ is nowhere negative and the photon fraction of the LPB
does not increase above 0.5. Nearβ=0, the LPBhas a similar curvature as the parabolic optical
mode (Eph , red dashed line), and therefore a similar effectivemass of 1×10−4m0, compared to
5×10−5m0 for theopticalmode. (d) Energydispersionof thewaveguide shown in (b) containing
QWswithEX =3.6eV.Here, theUPBandLPBarealsocalculatedwith theCOMfor g0=30meV. In
awaveguide in the strong coupling regime, the LPB is characterized by anegative effectivemass.
The refractive index data are taken from [82] for (Al)GaN and [29] for AlInN. The dispersions
in (c) and (d) were calculated using constant refractive index values, as shown in (a) and (b), re-
spectively. The opticalmodeproﬁle is calculated using TMS in (a) and FDTDcalculations in (b).
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without population inversion, which was originally proposed by Imamoglu et al. [138], over
superﬂuidity [139] to quantized vortices [140]. Besides this rich and interesting physics, polari-
tonmicrocavities have shownpotential for several applications such as parametric ampliﬁers
[141], spin switches [15] and all-optical active devices including all-optical transistors [142] and
Mach-Zehnder interferometers [143].
Waveguides operating in the SCR have only recently gained attention from the scientiﬁc
community using variousmaterial systems such asGaAs [144, 145], organic semiconductors
[146, 147, 148] andwide-bandgap inorganic semiconductors [149, 150]. The energy dispersion
of awaveguide LPB, as shown in Fig. 2.8(d) has a negative effectivemass, and no ground state
near the anticrossing point. As a result, condensation is not possible in these structures. How-
ever, another nonlinear effect has been demonstrated in polaritonwaveguides in the formof
low-power optical solitons. Walker and collaborators have experimentally realized dark-bright
spatio-temporal polariton soliton wavepackets with energies as low as 0.5 pJ in GaAs-based
structures operating at 10 K [16].
Another key difference between waveguides and microcavities originates from the in-plane
wavevector and group velocity of the polaritons. In amicrocavity, anticrossing occurs around
β= 0, whereas it occurs for much higher values (46.5 μm−1 for the waveguide shown in Fig.
2.8(d)) in awaveguide, resulting in high group velocities of the order of 107 m/s. This propagat-
ing nature of waveguide polaritonsmakes themwell suited for polaritonic integrated circuits,
compared to themore stationarymicrocavity polaritons.
Froma structural point of view, waveguides aremuch simpler to grow thanmicrocavities. The
DBR layer thicknesses and cavity thicknessmust closelymatch the exciton energy in order to
have a small detuning between the cavity and exciton mode near zero in-plane wavevector.
For a waveguide on the other hand, the optical properties do not depend on the cladding
thickness and onlyweakly on the core dimensions. Additionally, since the energy dispersion
of the uncoupledwaveguidemode ismonotonically increasingwithβ, it will always cross the
uncoupled excitonicmode, regardless of the exact waveguide structure, as long as the guided
mode is not cut-off, leading to hybridization of the light andmattermodes. Additionally, the
waveguide geometry can allow for easy potential landscaping by electrical gating [145] and
electrical injection of carriers –as is commonly done in edge-emitting LDs– as opposed to
electrical injection throughDBRs, which is amuchmore challenging task.
In the case of GaN/AlGaN QW-based microcavities and waveguides, the latter have the ad-
ditional advantage that the bottom cladding can be lattice-matched to GaN. Since only a
low-indexmaterial is required, lattice-matchedAlInN canbe used for this cladding.2 In case
ofmicrocavities however, UVAlGaN/AlInNDBRswith a substantial amount of Al have to be
used to avoid absorption. This induces a signiﬁcant amount of lattice-mismatchwith respect
to theGaNbuffer and requires the application of strain-management techniques [47].
2For reasons ofmaterial quality, which are explained in Section 1.1.3, GaN interlayers are required in thick AlInN
ﬁlms. These are of course also lattice-matched to the rest of the structure.
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2.4 Optical Gain from anElectron-Hole Plasma
When an optical ﬁeld of angular frequency ω interacts with a two-level electronic system,
consisting of a ground state and an excited state, separated by an energy ħω, three possible
processes can occur [75, 151]:
• Absorption
A photon is absorbed from the optical ﬁeld and the electron is promoted from the ground
state to the excited state.
• Spontaneous emission
The electron decays from the excited state to the ground state, due to a perturbation
induced by the vacuumﬁeld. The emitted photon has a randomphase, polarization and
propagation direction.
• Stimulated emission
The electron decays from the excited state to the ground state, due to a perturbation
induced by the optical ﬁeld. The emitted photon is coherentwith the latter.
An optical signal that is propagating through an active regionwhere these three processes can
occur, will be attenuated by absorptionα and ampliﬁed by stimulated emission, resulting in
optical gain g =−α. This is described by the Beer-Lambert law [117]
I (z)= I0exp(−αz)= I0exp(g z). (2.22)
Spontaneous emission is a source of noise in this context.
Devices such as lasers and optical ampliﬁers rely on stimulated emission to generate coher-
ent light beams or to coherently amplify an optical signal, respectively. LEDs and optical
spectroscopic techniques such as photoluminescence and cathodoluminescence (explained
in Chapter B) function on the basis of spontaneous emission. Superluminescent LEDs are
somehow intermediate, as they amplify spontaneous photons using stimulated emission.
Absorption and stimulated emission are opposite processes, and which one of the two will
dominate, depends on their relative rate. If the majority of electrons are in the ground state,
absorption dominates, while if the majority is in the excited state, stimulated emission will
dominate andwehave positive optical gain, or negative absorption. In a bulk semiconductor,
where the two states are given by the valence and conduction band edges, the transparency
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criterion –i.e. g =−α=0– is given by the Bernard-Duraffourg condition [75, 125]
Eg ≤ħω≤EcF −EvF , (2.23)
whereEcF andE
v
F are the quasi-Fermi level energies of the conduction and valence band, respec-
tively. In other words, there will be positive gain as soon as there are sufﬁcient electron-hole
pairs in the system to separate the two quasi-Fermi levels by more than the bandgap. This
concept can be easily transposed to the case of lower dimensionality systems.
Note thatwe consider an unbound electron-hole plasmahere andwe ignore excitonic effects.
Indeed, even though gain fromexcitons is in principle possible and has been observed at room
temperature in ZnO-based [94] and ZnSe-based structures [152] due to the elevated exciton
binding energy in thesematerials, excitons in III-N structuresdissociatebefore theonset of gain.
Therefore, gain in III-nitrides is a phenomenon that is occurring beyond theMott transition
with a negligible excitonic contribution [124, 153].
In a typical LDor semiconductor optical ampliﬁer (SOA), in order to enhance the light-matter
interaction, the optical ﬁeld that is to be ampliﬁed is conﬁned in a waveguide and the active
region consists of QWs. An important geometric parameter in such a structure is the conﬁne-
ment factorΓ, which is deﬁned as the total normalized overlap integral between theQWs and
the optical waveguidemode, and is determined as [75]
Γ=∑
i
Γi , withΓi =
∫yi+d/2
yi−d/2 ε(y)|E(y)|
2dy∫+∞
−∞ ε(y)|E(y)|2dy
(2.24)
where the index i represents the different QWs,Γi is the conﬁnement factor of QW i , ε(y) is the
position-dependent dielectric permittivity, E(y) represents the electric ﬁeld amplitude of the
opticalmode and yi the position of QW i . In a typical structure, a singleQWhas a conﬁnement
factor of a few% [153].
The optical gain that represents the ampliﬁcation experienced by awaveguided optical ﬁeld
is the netmodal gain gmod . It is related to thematerial gain gmat of theQWs and thewaveguide
absorption lossesαwg by
gmod (ħω)=Γgmat (ħω)−αwg (ħω). (2.25)
In order to adequately model the net modal gain, of a waveguide with GaN/AlGaN QWs, we
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have to take both the A andB valence bands into account [124]. TheCband is too far away to
be substantially populatedwith holes under typical conditions. Therefore, we consider theQW
transitions occurring between the conduction and the A andB valence subbands, which are
separated by transition energiesE Atr andE
B
tr , respectively. The carrier population in these states
is governed by the corresponding Fermi-Dirac distributions, fc and fv , respectively [75]:
f jc (ħω)=
⎡⎢⎣1+exp
⎛⎜⎝E jtr +m
j
r
m∗e
(ħω−E jtr )−EcF
kBT
⎞⎟⎠
⎤⎥⎦
−1
, (2.26)
f jv (ħω)=
⎡⎢⎣1+exp
⎛⎜⎝−
mjr
m∗j
(ħω−E jtr )−EvF
kBT
⎞⎟⎠
⎤⎥⎦
−1
, (2.27)
with j =A,B , andwheremA/Br = ( 1m∗e +
1
m∗A/B
)−1 is the reducedmasswithm∗A/B/e representing the
effectivemassof theAandBholes and that of the electron, respectively. Thequasi-Fermi level of
the conduction band can be easily determined as a function of injected carrier density N from:
EcF =Etr +kBT ln
(
exp
(
N
Nec
)
−1
)
. (2.28)
In a valence band comprised of both anA and aB subband, EvF is determined implicitly from:
N =N Ac ln
[
1+exp
(
EA−EvF
kBT
)]
+NBc ln
[
1+exp
(
EB−EvF
kBT
)]
, (2.29)
with EA and EB the band edge of the A andB subbands, respectively, and the two-dimensional
(2D) critical carrier densities given by:
N A/B/ec =
mA/B/ekBT
πħ2 . (2.30)
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The netmodal gain is then given by:
gmod (ħω)=−αwg +
∑
i
∑
j=A,B
Γiα
j
2D ( f
j
c (ħω)− f jv (ħω))θ(ħω−E jtr ), (2.31)
where the index i represents the differentQWs,αwg corresponds to the absorption loss in the
waveguide,α j2D is the 2D absorption of theQWs in the two-band approximation as given by Eq.
1.32, and θ represents an inhomogeneously broadened step function, namely the convolution
of aHeaviside and aGaussian function, which can be approximated by [153]:
θ(ħω−Etr )= 1
2
erf
(
ħω−Etr
2γinh
)
+ 1
2
. (2.32)
Themodel described above allows to accurately describe gain and absorption occurring inQW
waveguides andwill be used inChapter 5 to analyze the experimental results.
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3 Multiple Quantum Wells in Lattice-
matched III-Nitride Waveguides
In this Chapter, we discuss the optical properties of lattice-matched III-nitride slabwaveguides
featuring aGaN/Al0.1Ga0.9NMQWactive region grown on anAlInNbottom cladding. These
structures will be used in the next chapters to demonstrate strong exciton-photon coupling
(Chapter 4) and optical gain (Chapter 5). Section 3.1 illustrates the structural properties and
conﬁnement of guidedmodes in these structures. The electronic band structure is discussed
in Section 3.2. Finally, we investigate the optical QWproperties in Section 3.3. Details about the
experimental techniques used in this chapter can be found in Appendix B.Most of the results
presented in this chapterwere published in the following two papers:
• J. Ciers, J. G. Roch, J.-F. Carlin, G. Jacopin, R. Butté andN. Grandjean, Propagating Polari-
tons in III-nitride Slab Waveguides, Phys. Rev. Applied 7, 034019 (2017).
• J. Ciers, G. Jacopin, G. Callsen, C. Bougerol, J.-F. Carlin, R. Butté andN. Grandjean, Near-
UV Narrow Bandwidth Optical Gain in Lattice-Matched III-Nitride Waveguides, Jpn. J.
Appl. Phys. 57, 090305 (2018).
3.1 Sample Structure
Fromall themodes that can be conﬁned in a c-plane III-Nwaveguide, the TE0 mode is themost
interesting one for light-matter coupling applications. It has no nodes in thewaveguide core
and extends little into the cladding layers, resulting in a good overlap with the active region,
compared to higher-order TEmodes. Since the A exciton and the A interband transition inGaN
only couple to an electric ﬁeld parallel to the c-plane, and the B exciton/interband transition
preferentially couple to thispolarization, asdescribed inSection1.2.4, thecoupling toTEmodes
will bemuch stronger than to TMmodes. Indeed, the in-plane electric ﬁeld intensity, integrated
over the active region, is over an order of magnitude smaller for TM modes compared to TE
ones in the present structures, as calculatedwith FDTD [154].
In thiswork, we usewaveguideswith aGaN/AlGaNMQWactive region operating around 345
and 370 nm, respectively, for their high quality and low inhomogeneous broadening [74]. An
AlInN bottom cladding lattice-matched to GaN is used, which provides a large RIC with the
active region of∼11%at 345 nmand∼7%at 370 nm, as discussed in Section 1.2.6, and assures
a high crystalline quality of the QWs. The top cladding consists of either AlInN or SiO2, as
discussed below.
55
Chapter 3. MultipleQuantumWells in Lattice-matched III-Nitride Waveguides
Figure 3.1 – Mode conﬁnement and
photon leaking into the GaN buffer of
the TE0 mode for various thicknesses
of the AlInN cladding between 100 and
500 nm, as calculated by FDTD [154].
The different colors represent data for
the different thicknesses (solid line).
The dashed colored lines represent the
corresponding interface between the
cladding and GaN buffer. The refractive
index for (Al)GaN was taken from [82],
while it was taken from [29] for AlInN.
The refractive index of SiO2 was taken
fromexperimental data.
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In order to avoid coupling to multiple waveguide modes, which would act as a loss channel
for the photogenerated carriers and would further complicate the analysis, we chose a core
thickness that is small enough, to ensure that only the TE0 andTM0 modes are conﬁned and
the higher order modes are cut off. The coupling of the A and B transitions to TM-modes is
negligible compared to the TEmodes, as explained above. We did not choose to decrease the
waveguide thickness even further, which would also cut off the TM0 mode, since this would
result in only a small reduction of Le f f , but a substantial reduction in N
QW
e f f andΓ, and hence
a decrease in light-matter coupling strength.
Since the entire structure has to be grown on a –high index–GaNbuffer to ensure optimalmate-
rial quality, we are in the case of frustrated total internal reﬂection. Thismeans that the angle θ,
as deﬁned in Fig. 2.1 will again take a real value in the buffer and photons can leak through the
bottomcladding. This is an undesirable photon loss channel that can be limited by increasing
the AlInN cladding thickness, as illustrated in Fig. 3.1. For a cladding thickness of 400 nm, the
probability to ﬁnd photons in the buffer is∼106 times lower compared to the core, which is
acceptably low, given that the absorption rate is only three orders ofmagnitude higher in the
buffer (see Fig. 1.8) compared to the waveguide at 345 nm (see Chapter 4). This implies that
losses due to photon leakage to the substrate are negligible compared towaveguide absorption
for a bottom cladding thickness of 400 nm. At 370 nm, the situation ismore favorable, as the
buffer has a low absorption around 20 cm−1 [82]. Note that the 5 nm thickGaN interlayers have
a negligible effect on the conﬁnement of the opticalmode.
A key feature to promote strong exciton-photon coupling up to room temperature is to have
robust excitonswith an elevated exciton binding energy. This can be obtained by employing
narrowGaN/Al0.1Ga0.9NQWs of 1.5 nmwidth, which have an exciton binding energy of 40meV,
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as calculated using the k ·p formalism [85]. An additional advantage of these narrow wells is
a negligible impact of theQCSE [104] (see Section 1.2.3) leading to a large e-h overlap integral
of 0.8 (also calculated using the k ·p formalism), and a large oscillator strength of 1.1×1013
cm−2, as determined from the experiments discussed inChapter 4. The XA transition of these
wells varies between 345 nm (at low temperature) and 350 nm (at room temperature), as will be
shown in Section 3.3. The dielectricmaterial with the lowest absorption at thesewavelengths is
SiO2 by plasma-enhanced chemical vapor deposition (PECVD) (∼1 cm−1).1 Thismaterial also
allows for the fabrication of high-quality grating couplers, as explained in Section 4.1. These
featuresmake SiO2 an ideal top claddingmaterial.
Taking these factors into account, a samplewas grownbyDr. Jean-François Carlin, whichwill
be called sample S1 throughout thismanuscript. The structure is sketched in Fig. 3.2(a) and
consists of a 130 nm thick active regionwith 22GaN/Al0.1Ga0.9N (1.5 nm/3.5 nm)QWs sand-
wichedbetween a 400 nm thick Al0.83In0.17Nbottomcladding lattice-matched toGaNand a 100
nm thick SiO2 top cladding. A 2μmGaNbuffer, the bottom cladding and the active regionwere
grownbyMOVPEon a lowdislocation density (106 cm−2) freestanding c-planeGaN substrate.
The AlInNbottomcladding layer contains seven 5 nm thickGaN interlayers positioned 50 nm
apart in order to avoid kinetic roughening of the AlInN alloy [32], as explained in Section 1.1.3.
The use of an AlGaN barrier width of 3.5 nm avoids any coupling between adjacent wells, as
conﬁrmed by k ·p calculations [85], which are shown below. This structure is optimized to
maximize the light-matter coupling strength g0 between theguidedphotonsandMQWexcitons.
The high number ofQWs (22) combinedwith the large overlap between the opticalmode and
theQWs,which results in a conﬁnement factorΓ of 28.6%, as illustrated in Fig. 3.2(b), and the
large oscillator strength of theQWs result in a high g0 value of 30meV, which is demonstrated in
Chapter 4. In Fig. 3.2, just like in the remainder of thismanuscript, we chose the y axis parallel
to the growth axis and set y=0 at the interface between the buffer and the bottomcladding.
A second sample (S2) was also grown to investigate the effect of an increased Al concentration
in the barriers on the structural and optical quality. It features a nominally identical bottom
cladding to S1 (400 nm of AlInN with seven 5 nm GaN interlayers), and a 52 nm thick active
regionwith7GaN/Al0.15Ga0.85NQWs. Just like inS1, thewells are1.5nmthick,while thebarriers
are 3.5 nm thick.
The optimal structure for the realization of optical gain is slightly different from the one of
optimal exciton-photon coupling. A large number of QWs can provide elevated gain in a
waveguide structure, but only provided that they are homogeneously pumped. Indeed, in an
inhomogeneously pumped MQW structure, the wells with a low carrier density will absorb
photons, i.e. they will have a negative gain, hence reducing the total MQW gain. Therefore,
we chose a sample designwith 6.2 nmwideGaN/Al0.1Ga0.9NQWs,which emit below the bulk
GaN bandgap (around 370 nm at room temperature) as a result of the QCSE, as explained in
1The absorptionwas determined bymeasuring the reﬂectivity and transmission of a 1μmthick SiO2 ﬁlm grown
on a double-side polished sapphire substrate using aCary 500 spectrophotometer. The contribution the substrate
was taken into account, and valueswere averaged between the interference fringes.
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Figure 3.2 – (a) Sketch of
the sample structurewith
details for samples S1
(left) and S3 (right). (b,c)
Refractive index proﬁle
(black line) and optical
mode proﬁle (red line) of
the TE0 mode supported
by waveguide S1 at 345
nm (b) and S3 at 370 nm
(c). These mode proﬁles
were calculated with an
FDTD-solver [154]. The re-
fractive index for (Al)GaN
was taken from [82], while
it was taken from [29]
for AlInN. The refractive
index of SiO2 was taken
fromexperimental data.
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Section 1.2.3. Suchwells can be excited by the available 355 nm laser, which is below the barrier
absorption edge. Consequently, photons are only absorbed in thewells, and not in the barriers,
which leads to a very homogeneous carrier injection, as detailed in Chapter 5. Note that we
could have used narrowerQWs if we had a shorterwavelength laser available, that is however
still below the barrier band edge, with sufﬁcient peak power to achieve the carrier densities
required to reach optical gain. The reduced exciton binding energy in thesewells of∼19meV
(calculated using the k ·p formalism [85]) resulting from theQCSE (see Section 1.2.3) does not
have any impact here, as the structure is operating beyond theMott transition. The reduced
electron-hole overlap of∼0.2 at low carrier density (also calculated using the k ·p formalism
[85]) does cause a decrease of the light-matter interaction, but this overlap is increasedhowever,
when the built-in ﬁeld is screened under high injection, as explained in Section 1.2.7.
Under the typical optical injection conditions required for optical gain (105−106 W/cm2), we
observed that the SiO2 ﬁlms as used in S1, are damaged, likely due to local heating induced by
laser absorption. Therefore, we also use a lattice-matchedAlInN layer as top cladding, which
is sufﬁciently robust and transparent (see Fig. 1.8) for this application. We chose a thickness
of 82 nm to avoid extensive kinetic rougheningwithout using aGaN interlayer [32]. As the latter
would absorb some of the incoming pumpphotons.
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Table 3.1 –Overview of the samples used in this work. All the structureswere grown on c-plane
freestandingGaN substrate.
S1 S2 S3
Top cladding 100 nmSiO2 none 82 nmAl0.82In0.18N
Active 22GaN/Al0.1Ga0.9N 7GaN/Al0.15Ga0.85N 14GaN/Al0.1Ga0.9N
region (1.5/3.5 nm)QWs (1.5/3.5 nm)QWs (6.2/4.8 nm)QWs
Bottom 400 nm (8×50 nm) 400 nm (8×50 nm) 400 nm (8×50 nm)
cladding Al0.83In0.17Nwith Al0.82In0.18Nwith Al0.82In0.18Nwith
seven 5 nm thick seven 5 nm thick seven 5 nm thick
GaN interlayers GaN interlayers GaN interlayers
With this inmind, a third sample (S3) was grown, which is also sketched in Fig 3.2(a). It consists
of a 170-nm-thick active region with 14 GaN/Al0.1Ga0.9N (6.2 nm/4.8 nm) QWs sandwiched
between bottomand topAl0.82In0.18N claddings, which are lattice-matched toGaN. The 400
nm thick bottomcladding, just like in S1, contains seven 5-nm-thickGaN interlayers positioned
50 nmapart in order to avoid kinetic roughening of the AlInN alloy [32].
An overview of the samples discussed in this work can be found in Tab. 3.1.
Thewaveguide dimensionswere chosen to support a single TE polarizedmode, as described
above, at 345 (for S1) and 370 nm (for S3), respectively. Themode proﬁles were calculated using
FDTDcalculations (see Appendix A) and are shown in Figs. 3.2(b) and 3.2(c), for S1 at 345 nm
and S3 at 370 nm, respectively. The refractive index for (Al)GaN and AlInN layers were taken
from refs. [82] and [29], respectively, and the SiO2 datawere issued fromexperiments. In both
samples, the large RIC between theMQWs and the AlInN/SiO2 cladding layers results in a small
effective length Le f f of the TE0 mode, of 88 and 99 nm, for S1 and S3, respectively, and a large
overlap between the opticalmode and the quantumwells. For S1, we calculated an effective
number ofQWsof 14.6 from thismodeproﬁle. In S3, the excellent spatial conﬁnement, together
with the large number of QWs, leads to a highΓ of 48.2%, compared to only a few% in standard
laser diode structures featuring AlGaN claddingswith lowRIC [153]. Note, however, that such a
high number of QWs cannot be efﬁciently pumped using an electrical injection schememainly
due to the limited holemobility. A similarWGwith only 3QWsnear the peak of themodal ﬁeld
would have aΓ-value of 17% andwould be better suited for electrical injection.
In order to examine the structural quality of the samples, high-resolution X-ray diffraction
(HR-XRD)measurements were performed byDr. Jean-François Carlin at LASPE, and are shown
in Fig. 3.3. The experimentswere performed in a BrukerD8Discover X-ray diffractometer and
the resultswere analyzed using the Bruker Leptos software. The coupled scans shown in Figs.
3.3(a), 3.3(b) and 3.3(c) for samples S1, S2 and S3, respectively, conﬁrm the aforementioned
layer thicknesses and compositions. We can see themain peaks coming from theGaN, AlGaN
and AlInN layers, as well as the satellites from the MQW and AlInN/GaN superlattice. The
MQW satellites in S3 are closer to the main AlGaN peak in reciprocal space compared to S1
and S2, due to the increased period in real space. We can also notice that the AlGaN peak is
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substantially broadened in S2, compared to S1 and S3, due to the increasedAl content. Note
a small difference in AlInN composition between samples S2 and S3with∼18% In, and sample
S1with∼17% In. This is a consequence of the sensitivity to surface temperature during growth
of the AlInN alloy, as discussed in Section 1.1.3. These compositions are however close enough
from lattice-matching to GaN to obtain high-quality samples. This property is illustrated by
the XRD reciprocal spacemapof S1 in Fig. 3.3(d), which shows that the bottomcladding and
active region are fully pseudomorphic to the freestandingGaN substrate.
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Figure 3.3 – XRD characterization of samples S1, S2 and S3. (a,b,c) Coupled HR-XRD scan of
the (0002) reﬂex along the [0001] direction for samples (a) S1, (b) S2 and (c) S3 . Amodel of the
structure (red)was ﬁtted to themeasured data (blue)with the layer thicknesses and the alloy
compositionusedasﬁttingparameters. Theresultscorrespondto thevaluesgiven in the text. (d)
XRD reciprocal spacemap of the (101¯5) asymmetric reﬂections on sample S1 showing that the
bottomcladding and the active region are pseudomorphic to the freestandingGaN substrate.
High-resolution transmission electron microscopy (HRTEM) images were taken on a cross-
section of sample S3 byDr. Catherine Bougerol at InstitutNéel, CEA andUniversity of Grenoble,
France, with a FEI-Tecnai 200 kVmicroscope using a high-angle annular dark-ﬁeld detector in
the [10-10] zone-axis orientation. These images are shown in Fig. 3.4 and are in good agreement
with theXRDmeasurements. TheHRTEMresults showclear atomicplanes and sharp interfaces
between theQWandbarrier layers. There is a fair contrast between theGaN andAlGaN layers,
despite the lowAl concentration in the latter.
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4.8 nm Al0.1Ga0.9N
6.2 nm GaN
50 nm
GaN
Al0.1Ga0.9N
Al0.82In0.18N
(a) (b) 
Figure 3.4 – (a) Scanning TEM image of the
MQWs in sample S3 takenwith a high-angle
annular dark-ﬁeld detector in the [10-10]
zone-axis orientation. (b) High-resolution
TEM image of the QWs in the same sample
showing sharp interfaces and clear atomic
planes. (Images courtesy of Dr. C. Bougerol,
CEA andUniversity of Grenoble)
3.2 Band Structure
In order to fully understand the optical properties of the samples under investigation and
explain the experimental results thatwill be discussedbelow,we calculated their band structure
in the one-electron picture usingNextnano [155]. Excitonic effectswere added through a k ·p
solver [97, 119].
The resulting band structure for S1 is shown in Fig. 3.5(a). Due to the large spontaneous po-
larizationmismatch betweenGaNandAlInN, theGaN interlayers in the bottomcladding have
a large built-in electric ﬁeld. For such structures, experimental values between 2.2 and 3.6
MV/cmhave been reported [30, 52, 67]. Consequently, the photoluminescence (PL) emission
of such 5 nm thickGaN interlayers lies in the green [67].
As a result of the geometric effect inMQWstructures, the electric ﬁeld in theGaN/Al0.1Ga0.9N
QWs is reduced to∼480 kV/cm [105]. TheQWground state electron andhole envelopewave-
functions that exist in such a potential are shown in Fig. 3.5(b). Note that the envelopewave-
functions of both the electron and hole fall to zero before reaching the adjacent well. This
conﬁrms the absence of both tunneling and hence minibands [76]. The overlap integral be-
tween the electron and hole amounts to 0.8 due to the narrow width of the QWs of 1.5 nm.
Low-temperature excitonic energies EXA = 3.590 eV and EXB = 3.600 eV are obtained for XA and
XB , respectively, using the calculated exciton binding energy of 40meV in both cases [101]. The
relative oscillator strength of the XA (0.5 for light polarized along both x and z, 0 along y) andXB
excitons (0.495 for light polarized along both x and z, 0.01 along y) shows an exclusive coupling
for XA and a heavily preferential coupling for XB to the in-plane electric ﬁeld.
Analogous calculations for S2 reveal a built-in electric ﬁeld of∼700 kV/cm, due to the increased
spontaneous andpiezoelectric polarizationmismatchbetween theGaNwells andAl0.15Ga0.85N
barriers. The exciton binding energy amounts to 44meV, for both XA andXB , as a result of the
increased conﬁnement. The e-h overlap integral remains equal to 0.8. This results in calculated
values of EXA = 3.615 eV and EXB = 3.625 eV at low temperature. Note that the exciton energies
are higher in these QWs, compared to S1, which conﬁrms that the increased conﬁnement
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Figure 3.5 – Band structure of samples S1 and S3. (a) Full band diagram of S1, as calculated
usingNextnano [155]. (b)Detail of the band structure of aQW in sample S1 (black), together
with the electron (blue) and hole (red) envelope wavefunction of the QW ground state, as
calculated using the k ·p formalism [85]. (c) Band diagramof S3, as calculated usingNextnano
[155]. (d) Low temperature (T = 11 K) cathodoluminescence (CL) cross-section mapping of
theQWemission (logarithmic color scale) recordedwith an acceleration voltage of 2 kV, along
with the XA energy of the differentQWs (black dots) as deduced from the calculations shown
in (c). The excitonic effects were calculated using the k ·p formalism [85]. Under the present
experimental conditions, the spatial CL resolution is∼50 nm.
dominates over the increased built-in electric ﬁeld for this QW thickness of 1.5 nm [104].
In sample S3, the situation ismore complicated as a result of the AlInN top cladding. The results
of the band calculations are shown in Fig. 3.5(c). The Fermi energywas pinned to themid-gap
at the sample surface [156] and the electric ﬁeld in the QWs was set to ∼300 kV/cm, a value
expected from the polarization mismatch between the multilayer constituents when taking
into account the geometric effect [106]. We see that the elevated spontaneous polarization
mismatch results in a 2DEGpotential at the interface between theMQWs and the top cladding.
In this situation, the residual donors in theMQWregion are ionized and the resulting free elec-
trons forma2DEG just below the interfacewith the top cladding. Thepositively chargeddonors
cause a slight band bending and a variation of the built-in electric ﬁeld over theMQWs. Such an
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effect is not present in samples S1 andS2. Thedangling bonds at the interface between the III-N
and SiO2, which result from the non-epitaxial character of the SiO2 layer, will form interface
stateswhich partially compensate the plane charge that is due to the polarizationmismatch
betweenAlGaN and SiO2. This phenomenon ismodeled inNextnano by Fermi pinning at this
interface. Consequently, as can be seen in Fig. 3.5(a) for S1, the potential variation over the
MQWs in S1 and S2 is small, and a negligible amount of unintentional donors is ionized. In this
case, band-bending is absent and the differentQWs therefore have the samebuilt-in electric
ﬁeld and an equal transition energy. The residual doping level in sample S3 is difﬁcult to assess
experimentally –e.g., through C-V measurements[157]– for this sample due to the presence
of the 2DEG at the interface between the MQW region and the top cladding layer. We know
however that the typical residual n-type doping levels amount to 5×1018 cm−3 in similar AlInN
layers [30] and∼1×1016 cm−3 inGaN/AlGaNQWs [157].
In order to be able to compare our calculations to experiments, we included excitonic effects
through the k ·p solvermentioned before [97, 119]. We found exciton binding energies of 19±1
meV,dependingontheexactbuilt-inﬁeldmagnitude ineachQW,using thevariationalapproach
developedby Leavitt andLittle [101]. The calculated low temperatureQWexciton energieswere
compared to cathodoluminescencemeasurements recorded along the cross-section of sample
S3 (Fig. 3.5(d)).2 We observe an increase in the calculated exciton energy fromQW1 toQW13
due to a decreasing built-in electric ﬁeld, which iswell-matched by the experiment. This is a
direct consequence fromthe ionizedunintentional donors in theMQWsand thepresenceof the
2DEGpotential at theAlGaN/AlInN top interface, as discussedabove. Notehowever that the top
QW (QW14) deviates from this trend and has a lower emission energy and a higher built-in ﬁeld
due to its location near the 2DEG. The discrepancy between the calculated XA energy and the
emission is a consequence of bound exciton emission, whichwill be explained in Section 3.3.
3.3 Optical Characterization of theQuantum Wells
A series of spectroscopic experiments were conducted on samples S1, S2 and S3 in order to
fully characterize the optical properties of the QWs. The results of these experiments will be
illustrated in this Section. Themicro (μ-)PL experiments on samples S1 and S2 discussed here
were performed togetherwith Jonas Roch,master student at EPFL-LASPE, under the supervi-
sion of the author. The time-resolved PL (TRPL) and PL excitation (PLE)measurementswere
performed byDr. Gwénolé Jacopin andDr. GordonCallsen, respectively.
3.3.1 IntrinsicQWTransition energy
The intrinsic QW transition energies were studied experimentally by photoreﬂectance (PR)
and PLE spectroscopy, for samples S1 and S3, respectively. The PRdata for sample S1 between
10 and 300 K are shown in Fig. 3.6(a). Clear signatures can be observed for the XA and XB
2These experimentswere conducted byDr. Gwénolé Jacopin.
63
Chapter 3. MultipleQuantumWells in Lattice-matched III-Nitride Waveguides
S1 (a) (b) S1
(c) S3
Figure 3.6 – (a) Photoreﬂectancemeasurements performed on sample S1 between 10 and 300
K. Features from theQWAandB excitons, aswell as from the barrier A exciton can be clearly
resolved. The critical points are traced by the black dashed lines. (b) Low temperature (T =10
K) PR (blue dots) andμ-PL (red line) spectra taken at approximately the same location showing
a Stokes shift of 13meV in sample S1. A ﬁt to the PRdata according to Eq. 3.1 is shown (black
solid line), as well as two Voigt functions that were simultaneously ﬁtted to the Xbound and
XA PL peak (black dashed line). (c) Low temperature (T =4 K) PLE spectrum (black line) and
corresponding PL spectrum (red line) recorded at an excitationwavelength of 355 nm showing
a Stokes shift of 2.5meV in sample S3. The peak excitation power densitywas 60 kW/cm2 for
thesemeasurements.
QW excitons as well as the XA barrier exciton, which are located at 3.599, 3.623 and 3.683 eV,
respectively, at T =10 K. No signature of the underlying freestanding GaN substrate was ob-
served in PR as the modulation induced by photogenerated carriers is limited by the pump
laser absorption thickness of∼100 nm, and therefore essentially occurs in the topmost layers.
The critical pointswere ﬁtted using the approach introduced by Aspnes [110, 158], where the
signature in differential reﬂectivity coming froma resonance at energy Etr can bewritten as
ΔR
R
(ħω)=ℜ(CPRexp(iθPR )(ħω−Etr +iγPR )−mPR ), (3.1)
whereCPR is anormalization factor,θPR is aphase factorwhich represents theasymmetryof the
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lineshape, γPR represents thewidth of the transition, and mPR depends on the dimensionality
of the critical point. In the case of a QW, mPR is equal to 3 [159]. A ﬁt to the measured data of
Eq. 3.1 for the three critical points is shown in Fig. 3.6(b). We observe a redshift of 50meV, 77
meV and 90meV for the barrier band edge transition, QWXB andQWXA transitions between
10 and 300 K, respectively.
The comparison between low-temperature PL and PR spectra, as shown in Fig. 3.6(b), reveals
a Stokes shift of 13meV in S1, which is similar to that previously reported for a samplewith 67
GaN/Al0.2Ga0.8N (1.2/3.6 nm) QWs grown on sapphire [110]. We ﬁtted the PL data to a Voigt
function, which is a convolution of aGaussian and a Lorentzian peak function, sincewe have a
system that is both homogeneously and inhomogeneously broadened [77]. At low temperature,
10 K in this case, we have a purely Gaussian peak shape, since phonon-induced homogeneous
broadening is negligible. With increasing temperature, the Lorentzian linewidth broadening
increases, while theGaussian part remains constantwith temperature. The inhomogeneous
broadening of the XA PL peak is 8 meV, which compares favorably to state-of-the-art single
GaN/AlGaNQWsampleswith a similar barrier composition. An inhomogeneous broadening
of 11meVwas reported for aGaN/Al0.09Ga0.91N singleQWsample [74]. Note that since the PL
and PRmeasurementswere conductedwith the samplemounted in different cryostats, there
is an uncertainty of∼500μm–comparable to the PR spot size– on the relative sample location
probed in both experiments.
Low-temperature polychromatic PLE experimentswere conducted on sample S3. A represen-
tative PLE spectrum obtained for an excitation power density of 60 kW/cm2 is shown in Fig.
3.6(c). We veriﬁed that despite the high excitation power density, no shift in exciton energywas
induced. In fact, theMQWregion remains in the low carrier density regime due to the limited
absorption –on the order of 1%perQW, as determined from the productα2DdQW , cf. Eq. 1.32–
occurring in the QWs for near-resonant excitation below the AlGaN barrier band edge. We
observe resonances coming from the three free excitons at 3.440, 3.449 and 3.472 eV for XA , XB
andXC , respectively, whichmatchwell with the energies deduced from the k ·p formalism, as
well asweak absorption features ascribed to the n= 2 state from the A andB exciton hydrogen
series [77](cf. Eq. 1.16). Themeasured PLE FWHMof 11meV for the XA transition corresponds
well with the calculated energy spread ofQW1 toQW13 shown in Fig. 3.5(d). The PL spectrum
obtained during the same experiment for the excitationwavelength of 355 nm is also shown
in Fig. 3.6(c). A PL linewidth of 5 meV is measured for the XA QW peak while a Stokes shift of
2.5meV is obtainedwith respect to the PLE peak.
These low values of the Stokes shift and PL linewidth, compared to an inhomogeneous PLE
broadening of 11meV, an be ascribed to the gradient in theMQWenergies discussed in Section
3.2. Indeed, since the topQWs are transparent for the resonant energy of the bottomones, the
entire stack of QWs is probed using PLE. On the contrary, for PLmeasurements the laser excita-
tion ismostly absorbed in the topQWs andhence emission is dominated by high-energyQWs.
This reduces themeasured Stokes shift and the PL linewidth. This effect is further enhanced for
PLexperimentswhere325nmexcitationabove thebarrierbandedge isused (theseexperiments
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are discussed below). Due to the shorter absorption length, PL emission is dominated by even
fewer QWs. In this case the Stokes shift between the PLE and PL peaks is reduced to 1 meV.
This is contrary to the case of sample S1, where all QWs have the same built-in ﬁeld, and no
reduction of the broadening or Stokes shift occurs, regardless of the injection conditions.
Let us note that the low inhomogeneous broadening of 5 meV deduced from low tempera-
ture PLmeasurements is likely inherited from the low EB of 19meV stemming from the small
electron-holewavefunction overlap of∼0.2. This EB value translates into a large exciton Bohr
radius aB =5 nm, compared to typical values around 3 nm in III-N quantumheterostructures.
As a consequence, the excitonwavefunction is spread over a larger volume than for its narrow
GaN/AlGaN MQW counterparts. For comparison, the elevated exciton binding energy of 40
meV in S1 results in an exciton Bohr radius of 2.5 nm. Thismeans that the excitons in S1will
probe an area that is 4 times smaller in the QW plane, resulting in an increased sensitivity to
well width ﬂuctuations and alloy disorder, as illustrated by the differences in inhomogeneous
broadening between S1 (8meV) and S3 (5meV). A substantial part of the latter value is coming
from the difference in built-in electric ﬁeld between theQWs.
3.3.2 Low Carrier Density Photoluminescence
Weperformed temperature-dependent photoluminescencemeasurement series on samples
S1, S2 and S3, between 11 and 300 K. The results for S1 are shown in Fig. 3.7(a). For the low-
temperature PL spectra, we can clearly identify the XA MQWexciton at 3.591 eV togetherwith
its ﬁrst LO-phonon replica, at∼92meVbelow themain peak, which is the accepted LO-phonon
energy for GaN [93]. An inhomogeneous broadening of 8meV ismeasured at 11 K for the XA
peak. On the low-energy side of the XA exciton, we observe a secondpeakwhich is likely due
to a bound excitonic state, Xbound . This is compatible with the fact that this peak disappears for
higher temperatures, as the bound excitons thermally escape. This bound state could originate
frommonolayerwell-width ﬂuctuations, since it is located 13meVbelow the XA peak. Indeed,
this isexactly thepositionwhereonecanexpect theXA energyofasimilarQWwithabuilt-inﬁeld
of∼480 kV/cmwhich is 2.59 Åwider [49] (cf. k ·p calculations [85]). At low temperatures, a third
peak is present at∼3.55 eV. This energy corresponds to themaximumof the polariton emission
–seeChapter 4– andas such, this peak couldbe the signatureof scattered lowerpolaritons. From
30K onwards, we can observe a shoulder on the high-energy side, which is likely originating
from the XB exciton. It is located 10meV above the XA peak, which iswherewewould expect
XB , according to the calculations discussed in the previous section. We do not observe any
signature from the AlGaNbarriers in PLmeasurements, since these layers are sufﬁciently thin
and there is no strong localization due to alloy disorder, all carriers relax into thewells.
The analogousmeasurement series for sample S2 is illustrated in Fig. 3.7(b). We observe the
same features as for S1 –XA peak, Xbound peak and their LO-replicas–, albeit at higher energy
–the XA peak is at 3.621 eV for T =11 K– and broader –the XA peak has a linewidth of 10meV at
11 K–. These effects are a result of the increased conﬁnement and increased alloy disorder due
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Figure 3.7 – (a,b,c) Temperature series between 11 and 300 K of PL spectra using the HeCd
laser (λ= 325 nm) excitation obtained from sample (a) S1 with an excitation power density
20W/cm2, (b) S2with 40W/cm2 and (c) S3with 24W/cm2. The spectra are vertically shifted
for clarity. Luminescence peaks coming from the GaN buffer are labeled in red, while peaks
originating from theQWs are labeled in black. (d,e,f) Temperature dependence of the visible
excitonic peaks as deduced from the PL measurements shown in (a,b,c), for samples (d) S1,
(e) S2 and (f) S3, togetherwith a ﬁt of the XA energy according to Eq. 1.6 (black line).
to the higher Al content in the barriers (15% vs. 10%). Also in this casewe observe the Xbound
peak at the energywherewewould expect aQW that is onemonolayerwider, which is now 20
meVbelow the XA peak, due to the increased built-in ﬁeld of 700 kV/cm. As a consequence of
the increased broadening in this sample, we can not clearly resolve the XB peak in these spectra.
The results for the PL temperature series performed on sample S3 are shown in Fig. 3.7(c). We
observe the peaks from both QW1-13 and QW14. As for samples S1 and S2, we see both the
free XA and the bound exciton peak (likely due tomonolayer well width ﬂuctuations) for the
top and lower lyingQWs. Like in the previous two cases, we observe the bound exciton peak
exactly where it is expected for a QW that is 1 monolayer thicker, namely 8 and 11 meV, for
QW1-13 andQW14, respectively. the splitting is larger for QW14, due to the increased built-in
ﬁeld, as discussed in Section 3.2. Another consequence of the increased built-in ﬁeld, is a larger
penetration of the electron and hole envelopewavefunctions into the barriers, which results in
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Figure 3.8 –μ-PLmapping of the XA emission
energy of sample S1 measured at 4 K. The
observed standard deviation is as low as 0.42
meV over a 50× 50μm2 area.
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an increased inhomogeneous broadening of∼14meV forQW14, compared to 5meV forQW1-
13. The lowmagnitude of the latter value is a consequence of the increased exciton Bohr radius
in thesewideQWs, as explained before. We can also follow the XB andXC transitions ofQW1-13
from20and60Konward, respectively. Above 30K, the contributionoriginating from theXbound
transition disappears likely due to exciton delocalization. We observe the LO-phonon replicas
of both Xbound and both XA peaks 92 meV below their respective main peaks. The two small
peaks emerging around 3.275 and 3.183 eV at T = 11 K are attributed to the donor-acceptor pair
(DAP) transition occurring in the buffer and its LO-phonon replica, respectively [160, 161].
We traced thePL emission energies of the excitonic peaks as a functionof temperature, byﬁtting
a sumof Voigt peak functions, as illustrated in Fig. 3.6(b). The results are shown in Fig. 3.7(d-f)
for samples S1, S2 and QW 1-13 of sample S3, respectively. Upon ﬁtting the measured XA PL
emission energies to Eq. 1.6, we ﬁnd a localization energy Eloc of 5meV for S1, 6meV for S2 and
–remarkably– a value as low as 1meV for S3. The ﬁt parameters that were used for Eq. 1.6, were
αB =70 meV andΘB =345 K for S1,αB =75 meV andΘB =370 K for S2 andαB =58 meV and
ΘB =308 K for S3. These values are in good agreementwith those reported by Brunner et al. for
bulk (Al)GaN layers [82].
The localization energies observed for samples S1 and S2 (5 and 6 meV, respectively) can be
easily understood in terms of their inhomogeneous PL broadening (8 and 10meV, respectively).
At low temperature, the carriers relax to the lowest-energy states of the inhomogeneously
broadened ensemble. This typically results in a localization energy that is comparable to the
inhomogeneous broadening [133]. The situation in S3, however, requires some deeper analysis.
The observed localization energy of 1 meV is substantially lower than the inhomogeneous
broadening deduced from low temperature PL data. Just like the reduced PL linewidth and SS
described above, this effect is a direct consequence of the built-in ﬁeld gradient in theMQWs
leading to a spread in the QW energy combined with the inhomogeneous pumping proﬁle
resulting fromnonresonant excitation above the barrier band edge. At low temperature, the
high-energyQWs are themain contributors to the observed XA peak. With increasing tempera-
ture, carrier diffusion increases and the lower energyQWs receive a higher carrier density hence
68
3.3. Optical Characterizationof the QuantumWells
leading to a redshift in the XA peak that compensates for the blueshift usually observed in the
delocalization S-shape of GaN/AlGaN QWs [93]. In the case of samples S1 and S2, the inho-
mogeneous carrier distribution over theQWsdoes not lead to a reduction in the localization
energy, since all QWs emit at the same energy, as explained in Section 3.2.
The in-plane homogeneity of sample S1was also checked throughμ-PLmapping performed
at 4 K (Fig. 3.8), which leads to a standard deviationσ as low as 0.42meV for the XA energy over
a 50× 50μm2 area. This shows the high degree of homogeneity of these samples, which is an
important asset for both the control of waveguide polaritons [143] and the potential realization
of photonic integrated circuits relying on such an approach, and for the realization of optical
ampliﬁer devices. This uniformity can likely be ascribed to the growth performed on lowdefect
density freestandingGaNsubstrate, as these latter samplesareexpected tobemuch lessaffected
by in-plane disorder than their counterparts grownon c-plane sapphire substrate [74, 162].
Comparing the experimental exciton energies with the calculated values, which were men-
tioned in Section 3.2, we observe a relatively good agreement. The energy of the free XA exciton
in sample S1 deduced fom PR measurements (3.599 eV at 10 K) and PL data in combination
with Eq. 1.6 (3.596 eV at 11 K) is slightly higher than the value expected from k ·p calculations
(3.590 eV). The situation is similar in sample S2, with a value of 3.626 eV for EXA fromPL and
Eq. 1.6, compared to a calculated value of 3.615 eV. In sample S3 on the other hand, the values
for EXA are in very good agreement, with 3.438 eV deduced fromPL data and Eq. 1.6, and 3.440
eV for both the PLE peak and the average of the calculated energies for QW1-13 (cf. Fig. 3.5).
The observed underestimation of the XA energy by the calculations for samples S1 and S2 can
be explained by a reduction in the built-in ﬁeld, e.g., due to screening by free carriers.
Due to the larger energy splitting between XA and Xbound for QW14, the low temperature CL
emission observed for this QW (see Fig. 3.5(d)) ismainly coming fromXbound , which is located
about 15meVbelow that of the free exciton, hence explaining the discrepancy seen between
calculated and measured emission for this QW in Fig. 3.5(d). Note that in order to compen-
sate for the lower emission energy experienced by the top QW due to its proximity with the
AlGaN/AlInN interface, a correction in QW width or Al composition of the barrier could be
implemented, or alternatively a larger barrier width before thewaveguide/cladding interface
could be used. It is worth pointing out that according to themode proﬁle shown in Fig. 3.2, the
contribution of the topQW to the netmodal gain amounts only to 40%of that of aQW located
at the center of thewaveguide.
Ifweconsider thePL temperature series shown inFig. 3.7,wenotice that the integratedPL inten-
sity of theQWs severely reduceswith increasing temperature. This is a result of the linearly in-
creasing radiative lifetime τr with temperature, which originates from the excitation of excitons
out of the light conewhen raising the temperature [163]. As a result of this reduced radiative re-
combination rate at higher temperatures, the internal quantumefﬁciency (IQE) is reduced. The
69
Chapter 3. MultipleQuantumWells in Lattice-matched III-Nitride Waveguides
IQE is deﬁned as the ratio of the radiative recombination rate on the total recombination rate:
IQE=
1
τr
1
τr
+ 1τnr
= τnr
τr +τnr
, (3.2)
with τnr the nonradiative recombination lifetime. An approximate indicator of the IQE can be
deduced from temperature-dependent PLmeasurements. If one assumes that nonradiative
recombination is negligible at low temperature –a commonly used assumption that is not
always correct [77]–, the IQE is approximately unity under these conditions. The IQE can then
be approximated as
IQEPL(300 K)=
IPL(300 K)
IPL(11 K)
, (3.3)
where IPL represents the integrated PL intensity from the QWs, i.e. the XA and Xbound peak
combined. Here, the index ’PL’ is used to distinguish this quantity from the real IQE. The IQEPL
of samples S1, S2 and S3wasmeasured for various excitation power densities in the low-density
regime. In this regime, there is no screening in the built-in ﬁeld and the radiative recombination
rate is not enhanced by an increased e-h overlap. The observed changes in IQEwith excitation
power density, shown in Fig. 3.9, will therefore only be a consequence of the changing carrier
density. The increase in IQE is ascribed to saturation of nonradiative recombination centers.
Note that for these carrier densities, Auger recombination is negligible [163]. We notice that
sample S3 has a lower IQEPL than sample S1, which is a direct consequence of the increased
radiative lifetime inS3, due to the reducede-hoverlap integral of 0.2, compared to0.8 for S1. The
IQEPL of S2 rapidly decreaseswith decreasing power density, compared to S1. Since theQWs in
both samples have similar e-h overlap integrals of 0.8, this could be explained by an increased
nonradiative recombination rate in sample S2. Note that we do not expect an increased density
of threading dislocations in S2, as all three samples are grown on similar freestanding GaN
substrateswith a low threading dislocation density on the order of 106 cm−2.
3.3.3 Carrier Density Effects
Further characterization of the sampleswas performed by low-temperature excitation power
dependent PL series, shown in Fig. 3.10. For sample S1, emission from the bound excitons
dominates at lowpower (Fig. 3.10(a)), since excitons naturally relax into these potential traps,
where they are well protected from nonradiative recombination centers. Upon increasing
carrier density, bound exciton traps andnonradiative centers saturate, the free XA peak appears
and ﬁnally dominates the spectrum. We do not observe any blueshift of the emission with
increasing excitation power, due to the negligible impact of the QCSE on these narrow wells
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Figure 3.9 – Internal quantum efﬁciency of
samples S1, S2 and S3 at room temperature
under nonresonant continuous wave (CW)
excitation.
[104]. If we increase the excitation power density by 5 orders of magnitude (as shown in Fig.
3.10(b)), usingpulsed266nmlaser excitationandamicroscopeobjective, theXbound peakagain
dominates over the free XA . This is likely due to the biexciton emission coincidingwith that of
the bound exciton. The separation between the two peaks (12 meV) is close to the biexciton
binding energy that can be expected following Haynes’ rule [164, 165]. Additional support
for this explanationwill be given by the TRPL data discussed below. When further increasing
the excitation power density, we observe a signiﬁcant broadening of the emission, caused by
phase-space ﬁlling and collisional broadening, aswe go through theMott transition [124]. An
additional peak, that is attributed to ampliﬁed spontaneous emission (ASE), is observed for the
highest power densities. Under these circumstances, broadening is usuallymainly occurringon
thehigh-energyﬂankof thepeak [124],which isnot the casehere. This is likely a consequenceof
laser inducedheating,which redshifts the emissionwith increasingpowerdensity. This canalso
explain the substantial redshift of∼20meVof theXA peak,with respect to the lowcarrier density
PL experiments. Given the large number ofQWs in this sample, which are inhomogeneously
pumped above the barrier band edge in these experiments, a detailed quantitative analysis of
these high-density effects is complex and outside of the scope of this thesis work.
Similar low carrier density low-temperature PL power series recorded on sample S3 are shown
in Fig. 3.10(c). For low pump power densities, the top QW (QW14) dominates the emission
spectrum due to its larger density of photogenerated carriers, and larger γinh , leading to a
better radiative efﬁciency [93]. With increasing pumppower density, the radiative efﬁciency
of the otherQWs (QW1-QW13) increases and they start to dominate the emission spectrum. We
observe that both the emission fromQW14 and that fromQW1-QW13 consist of an Xbound and
a free XA peak, dominated in each case by Xbound at low power densities. In these wide QWs,
we observe a very clear blueshift with increasing carrier density, due to screening of the built-in
electric ﬁeld. This is contrary to the case of sample S1, where no screeningwas observed due
to the small impact of theQCSE on these narrowwells. This again conﬁrms the importance of
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(a)
S1
(b) S1 (c) S3
Figure 3.10 – Low-temperature PL excitation power dependent series performed on samples S1
andS3undernonresonant excitation. (a) Lowcarrier densitypower seriesperformedonsample
S1 at T =11 K using CW325 nmexcitation shows the emergence of the XA peakwith increasing
excitation power density. (b)High densityμ-PL power seriesmeasured on sample S1 at T =4
Kusing pulsed 266 nmexcitation focused to a 5μmdiameter spot. In the collection of the PL
signal, we selected only the region of uniformpeak power density through spatial ﬁltering using
a 50μmpinhole. Thebiexcitonpeak is dominating the spectra at the lowest power densities and
we observe a broadening of the peakswith increasing pumppower due to theMott transition
to an e-h plasma. On the low-energy side of the biexciton peak, a new emission peak stemming
fromASE appears for the highest power densities. (c) Low carrier density power series recorded
on sample S3 atT =11KusingCW325 nmexcitation. For low excitation power densities, the
luminescenceof the topQW(QW14)dominates theemissionspectrumandnoclear signatureof
the XA peak is seen. The relative XA intensity emerges only for sufﬁciently high carrier densities.
theQCSE onwidewells, like those used in sample S3 [104].
Low-temperature (T =15 K) TRPLmeasurements recorded on sample S1 –shown in Fig. 3.11–
conﬁrm the conclusions of the low-temperature PL power series obtained on the same sample
discussed above. Note also that in thesemeasurementswe did not observe any blueshift due
to the screening of the built-in ﬁeld. At low ﬂuence (Fig. 3.11(a)), the bound exciton peak
is dominant, while for medium ﬂuence (Fig. 3.11(b)), the free XA peak dominates. At even
higher ﬂuence, shown in Fig. 3.11(c), biexciton emission,which coincideswith the Xbound peak,
dominates the spectrum. This is also conﬁrmedby the corresponding decay of the integrated
intensities of both peaks shown in Figs. 3.11(d,e,f). If exciton and biexciton populations are
in thermodynamic and chemical equilibrium –this equilibrium settlesmuch faster than typical
decay times [166]–, i.e. 2X	
XX, themass action law requires that [166]
N2X
NX X
∝exp
(−EX XB
kBT
)
. (3.4)
In the casewhere radiative decay is dominant, and the PL intensity is proportional to the carrier
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Figure 3.11 – TRPL measurements recorded on sample S1 at 15 K. (a,b,c) Time-resolved PL
spectra for various time delayswith respect to the arrival of the laser pulse. Consecutive spectra
are separated by 100 ps. At low ﬂuence (a), the bound exciton peak is dominant, while for
medium ﬂuence (b), the free XA peak dominates. At even higher ﬂuence (c), however, the
bound exciton peak seems to dominate again, which indicates a contribution of biexcitons
to this peak at high carrier densities. (d,e,f) Decay of the integrated intensities of both peaks
extracted from the measurements shown in (a,b,c), respectively, together with the squared
intensity of the XA peak. We observe an increase in XA lifetime with increasing ﬂuence, due
to saturation of the non-radiative recombination channels. We also observe an increasing
proportionality between the decay of the squared XA intensity and the XX/Xbound intensity
with ﬂuence, which conﬁrms an increasing contribution of biexcitons in the latter.
density of the corresponding species (which is the case for low temperature PL experiments),
Eq. 3.4 implies that the squared intensity of the exciton emission should be proportional to the
biexciton emission. Looking at the squared XA intensity decay in Figs. 3.11(d,e,f), we see that
it is not proportional to the XX/Xbound decay for the low ﬂuence measurement shown in Fig.
3.11(d), but proportionality is improvedwith increasing ﬂuence in Fig. 3.11(e) and especially
in Fig. 3.11(f). This conﬁrms an increasing biexciton contribution to the XX/Xbound peakwith
increasing carrier density. We observe an increase in XA lifetimewith increasing ﬂuence due
to saturation of alternative relaxation channels. We can therefore take the XA decay time of Fig.
3.11(f), as a good approximation of the radiative free XA lifetime.
The results discussed in this section highlight the high quality and the homogeneity of the
present samples, which is a direct consequence of the lattice-matched nature of the structures.
Thismakes them ideal for the study of propagating polaritons andnarrow-bandwidth optical
gain, whichwill be discussed inChapters 4 and 5, respectively.
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4 Waveguide Polaritons
In this Chapter, we discuss the properties of a lattice-matched III-nitride slab supporting
waveguide polaritons originating from the hybridization ofGaN/AlGaNMQWexcitonswith the
propagating TE0 opticalmode. Section 4.1 explains the fabrication procedure for the grating
couplers thatwere employed to study thewaveguide dispersion, while Section 4.2 discusses
the experimental technique used for dispersionmeasurements. Section 4.3 explores the light-
matter coupling in thepresent sample and thepolaritondispersion,while Section 4.4 illustrates
the propagating polariton properties. Details about the experimental techniques used in this
chapter canbe found inAppendixB.Mostof the resultspresented in this chapterwerepublished
in the following paper:
• J. Ciers, J. G. Roch, J.-F. Carlin, G. Jacopin, R. Butté andN. Grandjean, Propagating polari-
tons in III-nitride slab waveguides, Phys. Rev. Applied 7, 034019 (2017).
4.1 GratingCoupler Fabrication
Inorder to couple theguidedmodes to free-spacephotons, grating couplersweredeﬁnedon the
sample [167]. Twotypesofgratingswereused. Theﬁrst experimentsweredoneusingadielectric
grating with a long coupling length of ∼300 μm to avoid detrimental effects of the grating-
induced photon loss on the SCR,while future experimentswillmake use of resonant excitation
through a metal grating coupler with a much shorter coupling length of∼20 μm, due to the
increasedmodulation in refractive index. These valueswere calculated by FDTD simulations
[154]. The techniques that are used in the fabrication process are explained in Appendix B.
4.1.1 DielectricGratings
For the waveguides with dielectric grating couplers, the SiO2 top cladding was deposited by
PECVDon top of the active region. A 100 nmZEP520A positive resist layerwas spin-coated on
the sample, the grating patternswere exposedwith electron beam (e-beam) lithography, de-
veloped and subsequently etched into the SiO2 layer with inductively coupled plasma reactive
ion etching (ICPRIE) usingCHF3/SF6 chemistry. This etching recipe allows a gentle etch that
does not burn the ZEP resist layer and has a 2:1 selectivity with the resist. Early attempts using
C4F8 chemistry burned the resist, resulting in rough and inhomogeneous gratings. Ultimately,
the resist layer is removed with an oxygen plasma. The entire procedure is sketched in Figs.
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Figure 4.1 – Fabrication of dielectric grating couplers. (a) A 100 nm thick SiO2 layer is deposited
on the III-N structure by PECVD. (b) A∼100 nmZEP resist layer is spin coated on the sample.
(c) The resist is exposed using e-beam lithography and subsequently developed. (d) The grating
pattern is etched into the SiO2 layer using ICP RIE. (e) The resist layer is removed using an
oxygen plasma. (f) SEM image of the dielectric grating coupler after etching, corresponding
to (d). Themain image shows the top view,while the inset shows a tilt-corrected cross-section
view after focused ion beammilling.
4.1(a-e). A scanning electronmicroscopy (SEM) image of the fabricated structure in top view
and cross-section is shown in Fig. 4.1(f). The etched sidewalls form an angle of 3◦ with the
vertical. The aspect ratio of the etched slits is 5:3. The gratings have a periodΛ of 125±0.4 nm1
with 50%ﬁll factor and span over a 100× 100μm2 area each.
4.1.2 Metal Gratings
Fabricationof themetal gratingcouplers is initiatedbyspincoatingapoly(methylmethacrylate)
(PMMA)double layer on theMQWregion,where the bottom layer has amolecularmass of∼495
000 protonmasses, and the top layer has amolecularmass of∼950 000 protonmasses. Both the
top and bottom layers are 40 nm thick, resulting in a total thickness of 80 nm. A thicker double
layer reduces the resolution of the exposure, while a thinner layer further hinders the lift-off
process. This makes the process inherently challenging and leads to a small resist thickness
windowwhere the process couldwork. After e-beamexposure and development, 20 nmof Al
is evaporated on the sample, which is then left in acetone at 37◦C for a fewdays. The gratings
are then ﬁnally overcoatedwith SiO2 by PECVD. The procedure is shown in Figs. 4.2(a-e). An
SEM image of the fabricated structure in top view is shown in Fig. 4.2(f). The gratings have a
periodΛ of 130 nmwith 50%ﬁll factor and span over a 50× 50μm2 area.
1The error bars on the grating periodwere determined from the angular linewidth of the outcoupled signal, as
discussed in Section 4.4.
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Figure 4.2 – Fabrication ofmetal grating couplers. (a) A PMMAdouble layer is spin coated onto
the sample. (b) The resist is exposed using e-beam lithography and subsequently developed.
The PMMA 495 layer has a lower dose threshold, which results in an undercut under the top
PMMA950 layer. (c) The Al ﬁlm is deposited onto the sample using e-beamevaporation. Due to
the undercut in the PMMAdouble layer, the parts of the Al ﬁlm in the regions of exposed PMMA
are not connected to the rest of the ﬁlm and will not be affected by its lift-off. (d) The PMMA
layer is lift-off with the superﬂuous Al in acetone at 37°C. (e) The SiO2 top cladding is deposited.
(f) Scanning electronmicrograph of the Al grating coupler after lift-off, corresponding to (d).
4.2 Fourier-Space Spectroscopy with Real-Space Filtering
In order to determine the properties of propagating polaritons, whichwill be discussed here-
after, we need to measure the dispersion of the guided modes as a function of propagation
distance. For this purpose, we used a laser excitation spot that can be scanned over the sample,
since the distance between the excitation spot and the grating coupler is equal to the prop-
agation distance. Moving the excitation spot proved to be more practical than moving the
sample and grating coupler, since it does not require to realign the collection optics, and thus
makes it easier to comparemeasurements. Second, in order to reconstruct the guidedmode
dispersion curve, we need information fromboth k-space (given by the emission angle from
the grating coupler, as described by Eq. 2.11) and the frequency domain. Such information can
be obtained by using Fourier-space spectroscopy (not to be confusedwith Fourier-transform
spectroscopy, which is often used in the IR). To understand this technique, one should note that
a lens performs a spatial Fourier transformbetween the front and back focal planes. Indeed,
the light that is emitted from the front focal plane along a speciﬁc direction is focused onto a
single point in the back focal plane. Therefore, the back focal plane –also called Fourier plane
for this reason– can be seen as an angularmap of the front focal plane. In order tomeasure the
guidedmode dispersion fromourwaveguides, we place the sample in the front focal plane of a
large numerical aperture (NA = 0.55)microscope objective, in order to have awide angular ﬁeld
of view, oriented such that polaritons propagate vertically, i.e., parallel to the spectrometer slit.
The objective’s Fourier plane is then imaged onto the entrance slit of an imaging spectrometer,
which images the k-space information on the vertical axis of the charge-coupled device (CCD).
The photons are energetically dispersed in the horizontal direction by the spectrometer grating
andwe obtain a dispersionmeasurement on theCCD in a single shot.
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Figure 4.3 – Sketch of the Fourier-space spectroscopy setup. The excitation laser is represented
in purple. The light emitted from the sample is represented in red, green and blue with the
different colors indicating different locations on the sample. The solid and the dashed lines
represent two different emission angles. The Fourier space is marked by black dots and the
real space by colored dots.
The experimental setupwas ﬁrst developed by Jacques Levrat andMarleneGlauser [168] and
was further improved for the presentwork. It is sketched in Fig. 4.3. A CW frequency-doubled
Ar+ laser emitting at 244 nmwas used for the excitation. This laser beamwas coupled into an
80×UVmicroscope objective –withNA= 0.55 and a 350μmﬁeld of view – through a so-called
4 f -conﬁguration of two lenses and amirror. The laser spot diameter on the samplewas about 5
μm. This conﬁgurationallows to scan the excitation spot over the samplewithin theﬁeldof view
of the objective in the two dimensions by rotating themirror. The light emitted by the sample
was then collected through the same objective lens and the Fourier plane was imaged onto
the spectrometer entrance slit by two lenses. The spectrometer consists of a liquid-nitrogen
cooled back-illuminatedUV-enhancedCCDmounted on a 55 cm focal lengthmonochromator.
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Apinholewas placed in the ﬁrst real-space image plane of the sample to select only the light
emitted from the grating coupler. Thepinhole diameter of 1.5mmcorresponds to a 19μmcircle
on the samplewith the lens combinationusedhere (objectivewith 2.5mm focal length and lens
with200mmfocal length). Awiregridpolarizerwithanextinctioncoefﬁcientofbetter than100:1
between 300 and 400 nmwas positioned immediately after the pinhole to performpolarization-
dependentmeasurements and reduce the amount of randomly polarized PL signalwith respect
to the TE-polarized guidedmode of interest. The ﬁrst real-space image planewas imaged onto
a second UV-enhanced CCD for real-space observation of the sample. A blue LED was used
for illumination. The sample was mounted in a cold-ﬁnger continuous-ﬂow liquid-helium
cryostat, with a temperature controller that is continuously adjustable between 4 and 350 K.
4.2.1 Alignment and MeasurementProcedure
To start ameasurement, the sample should bemounted in the cryostat with the propagation
direction that is to bemeasured along the vertical, and the grating lines along the horizontal.
To facilitate this, it is convenient to have the gratings parallel or perpendicular to a speciﬁc edge
of the sample, which can then be used for orientationwith the naked eye. One should aim to
get the angle between the propagation direction and the vertical smaller than a few degrees
to get good results.
Second, the back focal plane of the objective has to be imaged onto themonochromator slit and
CCD. In an imagingmonochromator such as the one used here, the slit is automatically imaged
onto theCCD.Todo this, a homemadeauxiliary part is used. This part is shown inFig. 4.4(a) and
features the same thread as the objective, and a drawing of a crosshair. Whenmounted in the
objective holder, the plane of the crosshair coincideswith the back focal plane of the objective,
while the small circle indicates the size of the Fourier space. The two lenses in the collection
line are to be positioned to image the crosshair onto theCCD. To achieve this, the crosshair is
illuminated using the LED and the second lens of the excitation line. As a starting position, the
crosshair should be in the front focal plane of the ﬁrst lens and the spectrometer slit should be
in the back focal plane of the second lens. Here, we used lenseswith a focal distance of 20 cm
and 25 cm, respectively. This gives a slightmagniﬁcation of the Fourier space, so that it nicely
ﬁts theCCD.Note that the focal length of a lens decreaseswith decreasingwavelength, since
the refractive index increases. The crosshair image can be found and coarsely brought onto
the slit, using a piece of paper. The ﬁne adjustment of the two lenses should be done observing
the focus and position of the crosshair image onto theCCD.
Third, the laser excitation line shouldbe setup. Once thepump laser and frequencydoubler unit
arewell adjusted, a spatial ﬁltering telescope can be inserted between the frequency doubler
and the mirror if a small, diffraction limited spot size of ∼1 μm is required onto the sample.
However, this leads to much reduced excitation power. As a ﬁrst step, the laser beam should
be aligned to coincidewith the optical axis without the two 4 f lenses, using two pinholes. The
laser should hit the crosshair right in the center. The two lenses can then be put into place. We
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(a) (b) (c)
?????
Grating
Laser 
spot
Figure 4.4 – Alignment procedure of the Fourier setup. (a) Home-made auxiliary part to image
the back focal plane onto the spectrometer. Reproduced from [168]. (b) Image of the Fourier
plane on the spectrometer CCDwith open slit (of 2.2mm). (c) Real space image of the sample,
wherewe observe the grating coupler and the PL coming from the laser spot.
used a 30 cm focal length (27 cmat 244 nm) and a 15 cm focal length (13.5 cmat 244 nm) lens.
Themirror should therefore be positioned 81 cmaway from the objective’s back focal plane. We
put the lenswith the shortest focal length in front of the objective to cover a larger incoupling
angle, which corresponds to a larger scanning range over the sample. The ﬁne adjustment of
the two lenses can be achieved by verifying that the beam is parallel to the optical axis between
the two lenses and always hits the crosshair in the center for everymirror angle.
Next,wemount theUVobjectiveandput the sample in its focus. Addinga280nmlongpassﬁlter
in the collection line allows to observe the sample PL in the spectrometerwithout reﬂected laser
light. By fully opening themonochromator slit and setting the grating to zero-order diffraction,
we observe an image of the slit on the CCD, corresponding to the Fourier plane of the emission.
We then ﬁnely adjust the sample position and the two lenses in the collection line to image
the Fourier plane in-focus. At the end of this procedure, the Fourier plane image should be a
well-deﬁned disk in the center of theCCD, as shown in Fig. 4.4(b). We know that the edges of
this disk correspond to theNAof the objective, which is 33◦ in this case. We can therefore use
the top and bottomedge to calibrate the emission angle onto theCCD.
After that, the real-spaceCCDand lens have to be aligned such that a sharp real-space image
of the sample can be seen on the former, under illuminationwith the LED, such as shown in Fig.
4.4(c). The LEDbeam is focused onto the back aperture of the objective, which results in a large
spot on the sample, covering nearly the entire ﬁeld of view. Then, we put the pinhole in the real
space plane to select the grating region, and put the laser excitation spot in the center of the col-
lection region. This allows ﬁne adjustment of the sample focus by observing the Fourier image.
If the sample is out of focus, the outer part of the Fourier imagewill be clipped by the pinhole.
Finally, wemove the laser spot away from the collection region (the dimensions of the grating
coupler can be used to determine the distance), close the slit, and put the monochromator
grating to thewavelengthwhere the emission is expected. Thewaveguide dispersion can then
be observed onto the CCD.One should be careful however not to close the slit toomuch at ﬁrst,
since thewaveguide dispersion can be slightly off the slit center due to a slight rotation of the
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Figure 4.5 –Sketchof thepolaritonwaveguide
under investigation in this chapter.
sample or an imperfect centering of the Fourier image on the slit. In general, 0.5mm is a good
ﬁrst step to ﬁnd the dispersion curve. After the dispersion curve signal intensity is optimized
by horizontally adjusting the collection line, the slit can be closed further, down to 0.2 or even
0.1mm. The relative intensity of the dispersion curvewith respect to the background can be
increased by adding a (wire grid) polarizer in the collection line. Since the mode we studied
here is TE polarized, the electrical ﬁeld lies in the plane of the optical table and the polarizer
should be oriented accordingly.
4.3 StrongLight-matter Coupling in III-N waveguides
Thewaveguide thatwill be studied in this chapter, is sketched inFig. 4.5. It isbasedonsampleS1,
whichwas presented in Chapter 3 and features several dielectric grating couplers, as described
in Section 4.1.
In the present structure, three different light-matter coupling regimes canpotentially coexist
in distinct zones of the energy vs. β diagram shown in Fig. 4.6. Photons with an in-plane
wavevector outside the active region light cone donot exist. Therefore, radiative recombination
of excitons in this region is forbidden and these are called dark excitons. In the k-space region
between the bottom cladding and the active region light cone, photons are tightly conﬁned
in the waveguide by TIR and, as will be shown hereafter, they hybridize with the XA excitons.
Inside the bottomcladding light cone, TIR is lost at the bottom interface and the active region
becomes a lossy resonator with broad optical modes. Therefore excitons and photons are
weakly coupled in this region. Inside the top cladding light cone, TIR is also suppressed at the
top interface and the structure forms a low quality factor Fabry-Perot resonator with Q ∼ 1.
As a result, we simultaneously have three populations of excitations in the sample under CW
non-resonant excitation: dark excitons, waveguide polaritons, andweakly coupled excitons.
The latter population allows us to probe the bare excitonic properties inside the air light cone
using conventional optical spectroscopy techniques as shown inChapter 3.
The waveguide dispersion curve was measured using Fourier-space spectroscopy with real-
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Figure 4.6 – Eigenmode dispersion of the present structure for TE polarization, i.e. along x.
The light cones of theMQWs, bottom cladding (AlInN) and top cladding (SiO2) are represented
in black. Theymark the transitions between the different light-matter coupling regimes. The
dark regime occurs outside the active region light cone (marked in grey) where photons do
not exist. Between the active region and the bottom cladding light cone, the exciton (X, red)
and TE0 guidedmode are in the strong coupling regime (SCR, blue) and formanupper (UPB)
and a lower polariton branch (LPB).Within the bottom cladding light cone, photons are poorly
conﬁned and couple weakly with the excitons (WCR, white). The star marks the energy at
which carriers are injected in the present experiments. The arrows represent carrier relaxation.
For simplicity, refractive index dispersion was neglected in this plot. The considered optical
refractive index values are those expected at 3.6 eV (2.756 for the active region [82], 2.42 for
the bottomcladding [29] and 1.47 for the top cladding). The exciton dispersion is calculated
within the effectivemass approximation.
space ﬁltering, which is explained in Section 4.2, for various propagation distances, bymoving
the excitation spot away from the grating outcoupler between 4 and 100 K. Themeasured signal
intensity is relativelyweak for two reasons. First, only excitons lying outside the cladding light
cone and inside theMQWlight cone are expected to formpolaritons, as shown inFig. 4.6, hence
the fraction of excitons outside this region does not contribute to the signal. Second, due to the
radial symmetry of thewaveguide around the excitation spot, only a small fraction of the gener-
atedpolaritonsactually reaches thegrating coupler. Thiswill be further illustrated inSection4.4.
Additionally, the IQE of the activemediumdecreaseswith increasing temperature, which fur-
ther reduces the signal intensity at higher temperatures. This is illustrated in Fig. 4.7. The LPB
intensity, integrated over the entire branch andmeasured 50μmaway from the excitation spot,
decreases with temperature. This is a consequence of the same physical phenomenon that
reduces the luminescence IQE explained in Section 3.3.2. Excitons are excited out of the region
of SCR, which ismarked in blue in Fig. 4.6, when raising the temperature. If we compare the
LPB intensitywith theMQWPL intensity (obtained for a similar carrier density as for the LPB
observation spot,∼1×1010 cm−2), we see that the former dropsmuchmore rapidly than the
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Figure 4.7 – Integrated LPB intensity (blue
dots) at a distance of 50 μm from the
excitation spot, compared to the integrated
MQW PL intensity (red dots) as a function
of temperature. In both cases, the low-
temperature density of excitons/polaritons
was∼1×1010 cm−2 at theobserved location.
The total carrier density in the excitation
spot was 2 × 1012 cm−2 for the polariton
intensity shownhere, resulting in a carrier
density per QW that is an order of magni-
tude lower. For the MQW PL, this density
was estimated fromthe injected laserpower.
For the LPB, the densitywas estimated from
themeasured signal intensity. For the LPB,
the intensity was integrated over the entire
branch.
latter with temperature above 30 K. Several physical mechanisms might explain this strong
decrease in LPB signal intensity. There could be an increased sensitivity to nonradiative defects
due to the delocalized character of polaritons [77]. The hybrid light-matter nature of polaritons
results in awavefunctionwith an intermediate size between the excitonBohr radius and the
optical wavelength. As such, these polaritons probe theQWpotential landscape averaged over
10−100 nm [169]. On these scales, disorder is small and localization is negligible in this sample,
as was illustrated in Chapter 3. Polaritons are thereforemore likely to encounter a nonradiative
defect, reducing the intensity of the measured signal. In addition, thermally activated inter-
actions of polaritonswith acoustic phonons –such as the Elow2 phonon,which has an energy
below 18meVnear the center of the ﬁrst Brillouin zone [170]–might lead to a depopulation of
the LPB. It could occur towards both the dark andWCR regions shown in Fig. 4.6. This picture
would be consistentwith the increase of the density of phonon states between 0 and 20meV
[170], and could therefore account for the observed reduction in LPB intensity above 30 K.
Above 100 K, the signal intensity became tooweak to perform any reliablemeasurements. Note
however, that this does not imply that the SCR could not bemaintained above 100 K, since the
lifetime broadening associatedwith the nonradiative recombination –which is far below 1meV,
as discussed in Section 1.2.5– is negligiblewith respect to the normalmode splitting of∼60meV
we observe here (see hereafter).
The detected signal intensity could be signiﬁcantly increased by using resonant excitation,
which would couple most of the pump power directly into the waveguide polariton states,
and/or by implementing ridge structures for lateral conﬁnement. Note that in the case of reso-
nantexcitation throughagratingcoupler, polaritonsare injectedwithawell-deﬁnedwavevector.
Consequently, theywill propagate in a single direction –towards the grating outcoupler– and
dilution should be drastically reduced, even without lateral conﬁnement. Such approaches
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Figure 4.8 – Raw dispersion data
obtained for (a) T = 4 K and (b)
T =100 K. (c) Sketch of the spurious
reﬂections (light violet) of the excita-
tion laser (dark violet) on the cryostat
window. The black arrows indicate
an example of a reﬂection path.
would circumvent the current limitations of ourmeasurements and likely allow for polariton
propagation studies up to higher temperatures.
Two examples of dispersion curvesmeasured atT =4 and 100K are shown in Figs. 4.8(a) and
4.8(b), respectively. We clearly see a pronounced curvature in the measured signal, which is
ascribed to the anticrossing of lower polaritons with the uncoupled free XA transition. The
signal-to-noise ratio of the measurement at 100 K is severely reduced, due to the decreasing
IQE described above. We also notice a dispersionless signal at the PL emission energy of the
QWs and the substrate. This spurious PL signal could have two origins: (i) PL emission at
the excitation spot that propagates to the collection spot, through reﬂections on the sample
interfaces and/or the cryostat window, e.g., or (ii) laser light that arrives at the collection spot,
due to reﬂections on the cryostat window, as illustrated in Fig. 4.8(c). Tests with a patterned
mesa sample, whichwas provided by IanRousseau fromEPFL-LASPE, showed that (ii) is the
dominantmechanism. This spurious PL complicates the analysis of the data and even renders
the LPB signal invisible for short propagation distances. As a result, it is not possible to perform
meaningfulmeasurements for propagation distances shorter than∼20μm.
Wedid not observe theUPB in any of the experiments. Such an absence is awell-known feature
of wide band gap systems [103, 171], which is mainly due to absorption occurring above the
MQWband gap and the largeΩRabi value, which hinders the thermal promotion of polaritons
to theUPB [172]. However, let us note that even inGaAs-based polaritonwaveguides, theUPB
luminescence is usually ratherweak or even absent [144, 145, 173]. For the same reasons, we
84
4.3. Strong Light-matter Coupling in III-N waveguides
T = 4 K P
ho
ton
 co
un
ts 
(ar
b. 
un
its
)
TE0
UPB
LPB
XA
T = 4 K
TE0
UPB
LPB
XA
(a) COM (b) FDTD
Emission angle (degrees)
101
102
103
   
1LO 1LO
Figure4.9–Measuredpolaritondispersion forapropagationdistanceof55μmmeasuredatT =4
Kwith an excitationpower density of 640W/cm2. Thebackground signal from thebare excitons
was subtracted for clarity. (a) A conventional COM is ﬁtted to the data and the resultingUPB
and LPB are shown inwhite, togetherwith the uncoupled exciton (XA) and the TE0 mode. This
model leads to a normalmode splitting of 100meV. (b) Full 2D-FDTDmode calculationswere
performed for various values of the exciton oscillator strength. A good correspondencewith the
measurementwas found for fX =1.1±0.05×1013 cm−2 (showninwhite). Weﬁndanormalmode
splittingof63meVusing thismethod. Thesameexperimentaldataare shown inboth (a) and (b).
did not observe any spectral signature in the polariton dispersion data that could be related to
the XB exciton, such as the presence of amiddle polariton branch. We therefore fully neglected
XB in the analysis and themodeling of the dispersion curves.
Figure 4.9 shows the samemeasurement as shown in Fig. 4.8(a), where the spurious PL signal
coming from bare excitons was removed for clarity. We compared the measured signal at 4
K to both a simple coupled oscillator model (explained in Section 2.3.2) and full 2D FDTD
calculations (cf. Appendix A). The COM uses a constant value of ne f f , and therefore a linear
dispersion for the uncoupled TE0 waveguidemode. By ﬁtting thismodel (the results are shown
in Fig. 4.9(a)), we ﬁnd a normal mode splitting of 100 meV for this measurement. Applica-
tion of Eq. 2.12 results in an oscillator strength of 3.0×1013 cm−2 for the QW excitons. The
2D-FDTD calculations on the other hand take the material refractive index dispersion into
account. The resulting uncoupled TE0 mode is curved due to the increase in refractive index
of theQWs and barriers near the band edge, located at 3.64 and 3.71 eV, respectively, as shown
in Fig. 4.9(b). The 2D-FDTDcalculationswere performed for various values of fX , and a good
ﬁt to the data was found for fX = 1.10±0.05×1013 cm−2. The corresponding normal mode
splitting is 63meV. The discrepancy in the obtained values of fX andΩRabi between theCOM
and the 2D-FDTDcalculations ismainly due to the neglected refractive index dispersion in the
former case. Since the uncoupled mode is bent in the same direction as the anticrossing by
the increasing refractive index toward the band edge, a smaller oscillator strength is required
to reproduce themeasured dispersion. ACOM featuring a constant effective refractive index
therefore systematically overestimates the exciton oscillator strength and the normal mode
splitting. This comparison shows the importance of the effect of the refractive index dispersion
in the analysis of photonic structures operating near the band edge of a semiconductor. Note
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Figure 4.10 – Temperature depen-
dence of ΩRabi . Measured values
(black dots) and extrapolation up
to room temperature (blue dots)
obtained fromEq. 2.19, calculated
using the homogeneous XA exciton
linewidth obtained from the mea-
surements shown in Fig. 3.7(a) (red
dots).
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that a value of fX = 2.1×1013 cm−2 was previously reported for similar QWs embedded in a
strongly coupled MC using transfer matrix simulations accounting for dispersion [110]. Let
us stress that the observed curvature in the dispersion cannot be explained by the increase in
the refractive index of the active region near the band gap as can be seen in Fig. 4.9(b), which
conﬁrms that the present structure is operating in the SCR.
The signal intensity from the highly excitonic tail of the LPB is negligible in allmeasurements,
most likely because polaritons rapidly relax to lower energy states and because the outcoupling
rate is proportional to their photon fraction. The photonic tail of the LPB is hardly visible in the
measured polariton dispersions, likely due to the relaxation bottleneck of highly photonic po-
laritons [172]. As the polaritons becomemore photonic, they loose the ability to relax through
interaction with acoustic phonons. Note that there is a second maximum in the polariton
emission intensity at∼92meV below the localized XA emission energy. This could be explained
by the LO-phonon assisted relaxation of excitons to the LPB as already reported in the planar
MC case [174, 175, 176].
By comparisonwith 2D-FDTDcalculations, we ﬁnd a normalmode splitting of 63meV for the
curve measured at 4 K (Fig. 4.9(b)) and an average splitting of 60 meV between 4 and 100 K.
Such a value has to be compared to the 56-60meV reported byChristmann et al. for a III-nitride
planarMC containing 67GaN/AlGaNQWs [18]. The similar value ofΩRabi recorded for the two
geometries is the directmanifestation of the increased overlap between the guidedmode and
the active region, as represented by the
Ne f fQW
Le f f
value. We can compare the present values of the
normalmode splitting to the reported values of 5-6meV in the case of a singleQWGaAs-based
polariton waveguide [144] and 290 meV in the case of excitons in organic semiconductors
coupled toBloch surfacewaves [148]. Thedifferencebetween these values is essentially coming
from the difference in fX between the differentmaterial systems.
We did not observe any renormalization effects, i.e., any decrease in the normalmode splitting,
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with increasing pumping power up to 6 kW/cm2. This is becausewe cannotmeasure any dis-
persion relation for propagation distances shorter than∼20μm, as explained before. Therefore,
we essentially probed regionswhere the reduction in the polariton density coming from their
radial outspread is signiﬁcant and renormalization should not be expected [143, 162].
Even thoughwewere not able tomeasure the polariton dispersion up to room temperature, ad-
ditional informationon the temperaturedependenceof theSCRcanbeobtainedbyconsidering
Eq. 2.19, namelyΩRabi =
√
4g 20−(γX −γph)2.
We assume the photonic linewidth γph to be temperature-independent. The homogeneous
excitonic linewidth of the XA exciton, γ
XA
hom(T ), was extracted by ﬁtting a Voigt peak proﬁle
(which is illustrated in Fig. 3.6(b)) to the temperature-dependent PL data shown in Fig. 3.7(a).
Note that we only take the homogeneous broadening into account, since the normal mode
splitting does not depend on the inhomogeneous broadeningwhen γinh <g0 [110, 134, 177].
The calculated values ofΩRabi (T ) are shown in Fig. 4.10, togetherwithγ
XA
hom(T ). Based on these
calculations, we can predict a slight decrease in the normalmode splitting down to 48meV at
300 K. This again conﬁrms the strong potential of the present platform to investigate the SCR
up to room temperature.
4.4 PropagatingPolariton Properties
Since the present slabwaveguide is radially symmetric, waveguide polaritonswill propagate
isotropically from the excitation spot. Therefore, only polaritonswithin the angle covered by
the collection zone can contribute to the signal and its intensitywill approximately decrease
as the reciprocal of the propagation distance r . This approximation holdswell if the size of the
collection region is substantially smaller than the propagation distance. Here, the collection
region is 19μmand the propagation distances used in the experiments range between 30 and
200μm. This outspread is illustrated in Fig. 4.11.
In addition to this geometric reduction in polariton signal intensity with propagation distance,
polariton decaywill also reduce the amount of outcoupled photonswith propagation distance.
Indeed, as waveguide polaritons propagate, they experience an intrinsic decay following an
exponentialBeer-Lambert law,mainlydue tophotonic losses for thepresent exciton-photonde-
??
??
Figure 4.11 – Sketch of the collection for two different
propagation distances, r1 and r2. Polaritons (blue) are
created at the excitation spot and propagate isotropically
in the waveguide plane. The red circles represent the
collection areas. A smaller fraction of polaritons is
capturedwith increasing propagation distance.
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(a) (b) (c)
Figure 4.12 – Low temperature decay ofwaveguide polaritons. (a)Measured intensity of the LPB
for different propagation distances at 10 K and for an excitation power density of 1.2 kW/cm2.
The spectra are not vertically shifted. (b) Polariton decay length as a function of polariton
energy. (c) Lifetime of the guided polaritons. Measured data (red dots) and ﬁt to Eq. 4.1 (black
line). Themean value and error bars in (b,c) were deduced froma set of severalmeasurements
taken between 4 and 30K.No substantial difference in the lifetime and the decay lengthwas
observedwithin this temperature range. The top axis in (b,c) represents the excitonic fraction
of polaritons at the corresponding LPB energy.
tunings (δ) between -25 and -150meV. The reduction in LPB signal intensity is illustrated in Fig.
4.12(a). In order to determine their intrinsic decay length – deﬁned as the distance overwhich
the integrated polariton PL intensity at the excitation spot is reduced by a factor e – and hence
their lifetime, themeasured integrated PL intensity ismultiplied by the propagation distance
–to cancel out the 1r from the geometric outspread–, and this product is ﬁtted to an exponential
decay. The obtained decay length as a function of polariton energy is shown in Fig. 4.12(b). Po-
laritonswith a largephotonic fraction in excess of 0.94 are characterizedby adecay length larger
than 100μm,which decreases as the excitonic fraction becomes larger. Consequently, the LPB
emission redshiftswith increasing propagation distance, as canbe seen in Fig. 4.12(a), since the
high-energy polaritons propagate less. To further support this analysis, the absorption coefﬁ-
cient in thewaveguidewasdeterminedby the variable stripe length (VSL)method tobe 60 cm−1
at around 200meVbelow the free XA energy, as shown in Fig. 4.13. This value of the absorption
coefﬁcient corresponds to adecay length of 167μm. This puts anupper limit to thepropagation
length of photons andhighly photonic polaritons in the present sample and ismainly limited
by residual absorption from the QWs. We can expect the absorption to be higher —and the
corresponding decay length lower— for higher energies. Since the value of 167μmonly slightly
exceeds themeasured polariton decay lengths at energies between 120 and 140meVbelowXA ,
absorption ismost likely the limiting factor of polariton propagation. The absorption losses
couldbe reducedby increasing theAl content in theQWbarriers, thus shifting theband-edgeup.
Another essential ﬁgure ofmerit to qualify the present structure is the polariton lifetime τpol (β).
The inverse of the latter is determined as theweighted average of the inverse lifetimes of the
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 Figure 4.13 – VSL measurements of the present
waveguide leading to an intrinsic absorption of 60
cm−1 below the gain band. We observe a broadening
on the high-energy side of the gain band with in-
creasing pumppower due to bandﬁlling in theQWs.
Note that the peak netmodal gain does not increase
with pumppower. This is likely a consequence of the
inhomogeneous pumping proﬁle that results from
absorption of the 266 nmpump laser in the barriers.
This leads to a low carrier density in the bottomQWs.
photon (τph) and the exciton (τX ), and is given by
1
τpol (β)
= |P (β)|
2
τph
+ |X (β)|
2
τX
, (4.1)
where P and X are the Hopﬁeld coefﬁcients, as deﬁned in Section 2.3.2 [96]. The polariton
lifetime τpol (β) was determined by dividing themeasured polariton decay length by the group
velocity of the LPB, deﬁned as ∂ω∂β , and is shown in Fig. 4.12(c). Values ranging between 1 and
2 pswere derived for polaritonswith an exciton fraction between 0.05 and 0.4. The radiative
free XA lifetimewas determined by time-resolved PL to be 325 ps at T =15 K (cf. Section 3.3.3).
A ﬁt fromEq. 4.1 to the data leads to a value of 0.9 ps for τph , which corresponds to a photonic
linewidth γph = 0.73 meV and an optical quality factor of 4.9×103. This photonic lifetime is
about a factor of 5 larger than that reported for comparable III-nitride planarMCs [178]. This
is essentially due to the improved photon conﬁnement provided by TIR.
Note that we do not directly observe the photonic and excitonic linewidths stated above in
themeasured dispersion signal for highly photonic and excitonic polaritons, respectively. In
addition to this broadening along the energy axis, there is indeed an extra source of broadening
in the emission angle due to fabrication inhomogeneities in the grating coupler. For highly
photonic polaritons, the energy linewidth becomes relatively small and the observed signal
broadening is of purely angular origin. In this limit, we observe an angular FWHMΔα of 1.2◦,
which corresponds to a FWHMwavevector linewidthΔβ of 0.34μm−1 and a FWHMerror on
the grating periodΔΛ=0.8 nm through Eq. 2.11.
The normalmode splitting of 60meV corresponds to a Rabi period, i.e., the period of the coher-
ent oscillations between the photon and exciton fraction of the polariton, as short as 69 fs. We
ﬁnd aRabi period that is over an order ofmagnitude shorter than the polariton lifetime. As ex-
plained in Section 2.3, it is a key requirement for the SCR to have Rabi oscillations that are faster
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Figure 4.14 – Room temperature ab-
sorption coefﬁcient of Al0.1Ga0.9N and
Al0.15Ga0.85N epilayers, based on [82].
The XA energy of GaN/AlGaN MQWs
with a well thickness of 1.5 nm and a
barrier thickness of 3.5 nm, containing
10 and 15%Al in the barriers is shown
for reference.
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than the polariton lifetime. When comparing the present values to those obtained in GaAs-
basedwaveguides, where decay lengths up to 400μmand lifetimes between 9 and 11 pswere
demonstrated [144], the shorter decay lengths and lifetimes in III-nitride structures are likely
due to the combination of an enhanced sensitivity to photonic disorder in short wavelength
systems, togetherwith the increasedQWabsorption below the band gap and the high number
of QWs. If we compare the obtained values for the decay length to the ballistic condensate prop-
agation on the order of 10μmreported byHahe et al. in a ZnOplanarMC [179], themuch larger
decay length in the present case can bewell accounted for by TIR conﬁnement and the larger
polariton propagation velocity, which ranges between 3 and 4×107 m/s in the present case.
A possible pathway to reducing the absorption losses occurring in thewaveguide could be an
increase in the Al content of theQWbarriers. This wouldmove the barrier band edge to higher
energy and reduce the polariton absorption. Increasing the Al content to 15%would blueshift
the AlGaN band edge by∼110 meV, while blueshifting the QW XA energy by∼30 meV for the
present geometry. The resulting reduction in absorption coefﬁcient at the LPB energy (25 to 150
meVbelowXA for themeasurements shown in this chapter) is shown in Fig. 4.14. Increasing the
Al content in the barriers would also increase the exciton binding energy (from40meV for 10%
to 44meV for 15%, cf. Section 3.2) and increase the inhomogeneous broadening (from8meV
for 10% to 10 meV for 15%, cf. Fig. 3.7). Note that an inhomogeneous broadening of 10 meV
would still have a negligible effect on the normal mode splitting, since the former is smaller
than g0=30meV [110].
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In this Chapter, we investigate the optical gain properties of sample S3 presented inChapter
3. The gain-speciﬁc features of the sample under investigation are discussed in Section 5.1. The
gain experiments andmodelingwill be illustrated in Section5.2. Details about the experimental
techniques used in this chapter can be found in Appendix B.Most of the results presented in
this chapterwere published in the following paper:
• J. Ciers, G. Jacopin, G. Callsen, C. Bougerol, J.-F. Carlin, R. Butté andN. Grandjean, Near-
UV Narrow Bandwidth Optical Gain in Lattice-Matched III-Nitride Waveguides, Jpn. J.
Appl. Phys. 57, 090305 (2018).
5.1 Sample Structure and Pumping
Compared to a singleQWstructure, aMQWstructure hasmore electronic states available over
an equal spectral range. As a result, a MQW structure exhibits an increased optical gain over
a narrowband. In a singleQWstructure, the bandﬁlling required to reach elevated gain also
causes a broadening of the gain band. However, a key requirement to achieve high optical gain
inMQWstructures is the homogeneous pumping across theQWs. As explained in Sections 2.4
and 3.1, absorptionwill be the dominating process in insufﬁciently pumpedQWs, reducing the
overall gain. For this reason, it is important to use optical pumping in theQWs,with an excita-
tion energy below the barrier band edge. This is illustrated in Fig. 5.1 for the present sample. A
325 nmpump,which is above the Al0.1Ga0.9N band edge, has an absorption thickness1 of∼100
nm. A 355 nm pump on the other hand, which is situated between the QW and barrier band
edge, is only absorbed in theQWs. Considering Eq 1.32:
α2D (λ0)= πe
2EPmr
3λ0nr ε0E2g dQW m0
,
we ﬁnd that every QW absorbs α2DdQW ≈ 1% of the incoming power. This results in a very
homogeneous pumping of the QWs. For this reason, sample S3 was designed with wide
1We deﬁne the absorption thickness as the distance over which the intensity is reduced by a factor e, Euler’s
number. With this deﬁnition, the absorption thickness is the inverse of the absorption coefﬁcient, such that an
α=105 cm−1 leads to an absorption thickness of∼100 nm.
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Figure 5.1 – Photon absorption in the MQW
region for both a 325 nm (black) and a 355
nm (red) laser. A value of 1×105 cm−1 is taken
for the absorption coefﬁcient in theGaNQWs
andAlGaNbarriers at 325 nm [82]. At 355 nm,
values of 1.54×104 cm−1 (cf. Eq. 1.32) and 50
cm−1 [82], are considered, respectively. These
proﬁlesarevalidatphotondensities forwhich
no absorption saturation is at play. The po-
sition is determinedwith respect to theGaN
buffer/AlInNbottomcladding layer interface.
GaN/Al0.1Ga0.9N QWs of 6.2 nm width, such that they could be pumped below the barrier
band edgewith the available 355 nm laser.
Note that if the requirement of optical pumpingwith a 355 nm laser is relaxed, either through
electrical injection or optical pumpingwith a different wavelength, the emissionwavelength of
this type of structures could be easily tuned toward the 350 nm spectral range by decreasing the
QW thickness, i.e. approaching theMQWstructure of sample S1, without any loss inmaterial
quality. The smaller weight of the QCSE and hence the larger overlap between electron and
holewavefunctions in thinnerQWs could lead to reduced transparency and lasing thresholds in
sampleswith thinnerQWs. The internal losseswill however also increasewith increasing energy.
5.2 Gain Experiments and Modeling
The net modal gain gmod was measured at room temperature by means of the VSL method,
which is explained in Section B.2.5, using aQ-switched frequency-tripledNeodymium-doped
yttrium aluminum garnet (Nd:YAG) 355 nm pump laser emitting 520 ps long pulses with a
repetition rate of 8.7 kHz. Examples of PL emission spectra that were collected during these
experiments are shown in Fig. 5.2(a) for 400 and 800 μm stripe length. On the high-energy
ﬂank of the emission, the intensities for both stripe lengths are nearly equal. Thismeans that
from the additional 400μmpumped stripe, no extra photons are collected, implying that the
absorption is large for thesewavelengths. On the low energy ﬂank of the emission, the 800μm
stripe has a higher intensity, leading to net modal gain values in the [-100 cm−1, +100 cm−1]
range, as shown in 5.2(b). We observe that the peakmodal gain increases with increasing pump
power, up to∼80 cm−1.
The results were ﬁtted to Eq. 2.31, using the fully fermionicmodel, wherewe consider only an
electron-hole plasma, without any excitonic effects, that was explained in Section 2.4, and has
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(a) (b)295 kW/cm2
Figure 5.2 – VSL measurements performed on sample S3. (a) Raw PL emission intensity as
measured in the VSL geometry from the facet for a stripe length of 400μm(black line) and 800
μm (red line). (b) Net modal gain values determined by VSL for different power densities, as
explained in Section B.2.5.
shown to accurately describe similar structures [124]:
gmod (ħω)=−αwg +
∑
i
Γi gmat ,i , (5.1)
where thematerial gain can be calculated as
gmat =
∑
j=A,B
α
j
2D ( f
j
c (ħω)− f jv (ħω))θ(ħω−E jtr ). (5.2)
Equation 5.2 is illustrated in Fig. 5.3 for a carrier density of 3×1012 cm−2. This model takes
both the A and B hole subbands into account, which is required to accurately model such
structures [124]. We implemented the impact of the progressive screening of the built-in ﬁeld
on the transition energy through self-consistent Schrödinger-Poisson-k ·p calculations [97],
the results ofwhich are shown in Fig. 5.4. A redshift in theQW transition energy due to band gap
renormalizationwas implemented through Eq. 1.36. Taking these contributions into account,
theQW transition energy becomes
E jtr (N )=E jtr,0+ΔEQCSE (N )−ΔEBGR (N ) with j =A,B , (5.3)
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Figure 5.3 – Material gain per QW of the
present structure, calculated as gmat =∑
j=A,B α
j
2D ( f
j
c (ħω) − f jv (ħω))θ(ħω − E jtr ),
for a carrier density of 3 × 1012 cm−2. The
differences in the slopes of the Fermi-Dirac
distributions are a consequence of the
differences in effectivemasses of the different
particles,while thedifferences inquasi-Fermi
energy and transition energy leads to the dif-
ferent positions. The inset shows a zoomon
the gain band, where the Bernard-Duraffourg
condition [125] is fulﬁlled, resulting in a
positivematerial gain.
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where E jtr,0 is the transition energymeasured at low carrier density,ΔEQCSE (N ) is the energy
shift due to progressive screening of the built-in ﬁeld with increasing carrier density and
ΔEBGR (N ) is the energy shift due to band gap renormalization. The carrier density in eachQW
was estimated from the incoming photon density I including a Lorentzian saturation curve for
theQWabsorption [180]:
α2D,sat =
αA2D+αB2D
1+I/Isat
. (5.4)
Using an ad hoc saturation photon density Isat =2.7×1014 photons/cm2 = 300 kW/cm2, we
could consistently ﬁt all experimental data. The numerical values of all parameters used for
themodeling are given in Table 5.1.
Given the speciﬁcity of the structure, which is composed ofQWs emitting at slightly different
energies –as explained in Section 3.2– and subjected to different carrier densities, quantitative
modeling of themodal gain seems rather challenging. However, the high structural and optical
quality of the sample, whichwas illustrated inChapter 3, allows for a precise determination of
its properties in the low-density regime, henceminimizing thenumber of unknownparameters.
Note, however, that for the sake of simplicity, we did not include any LO-phonon contribution
[181] or collisional broadening [124] to themodeling of the gain spectra. Since these phenom-
ena both broaden the gain band, an increased value by a factor of∼2 of γinh is required in the
model to obtain goodﬁts, i.e., a value of 20meV compared to 11meV as determined through
PLE experiments.
The obtained gain spectra are shown in Fig. 5.5(a), togetherwith the ﬁts. The resulting ﬁtting
parameters –carrier density and low-density transition energy– are given in Figs. 5.5(b) and
5.5(c). Experimentally, we observe a fast increase in gmod for pump power densities ranging
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Figure 5.4 – Calculated energy shift experi-
enced by theQWground state transition due
to screening of the built-in ﬁeldwith increas-
ing carrier density as calculated bymeans of
a self-consistent Schrödinger-Poisson-k · p
solver (symbols) [97, 119]. The red line serves
as a guide to the eye.
from220 to295kW/cm2. This is ascribed to the largenumberofQWsand thehighΓvalue,which
results in a large increase in gmod for amoderate increase inmaterial gain of each individual
QW. When the pump power density is further increased, the peak modal gain value and the
average carrier density exhibit a saturation-like behaviorwith a peak gmod value of∼80 cm−1.
This is likely originating from the limited pumpabsorption by theQWsdue to efﬁcient band
ﬁlling. From the absorption saturation term included in the model, we deduce a saturation
photondensity of 2.7×1014 photons/cm2 = 300 kW/cm2 with the 355 nmpump laser. A residual
waveguide absorption loss of 25± 5 cm−1 is deduced from the gmod spectra, as illustrated in
Fig. 5.5(a). This value can be explained by looking at the overlap of the optical ﬁeld intensity
ε|E |2 of the TE0 mode as shown in Fig. 3.2(c) with the active region and cladding layers, which
amount to 89.7 and 10.3%, respectively. Since the absorption in these AlInN layers is typically
ranging between 80 and 100 cm−1 at thesewavelengths [68], a residual absorption coefﬁcient
between 16 and 19 cm−1 in thewaveguide region can account for the present overall absorption
of 25 cm−1. Note that a residual waveguide absorption of 35 cm−1 was reported for commercial
InGaN/GaN-QW-based laser diode samples operating at 375 nm [153]. The obtained ﬁts do
not describe the experimental results adequately on the low-energy ﬂank for low pumping
ﬂuences. This is likely a consequence of the omitted LO-phonon contribution, which causes
a broadening on the low-energy side of the gain spectra [181].
We also observe a redshift of the gain band with increasing pump power. This is opposite to
the commonly observed blueshift in such experiments, which is mainly a consequence of
bandﬁlling [157, 182, 183]. This spectral shift can be accounted for by considering two of the
phenomenaatplay, namelybandﬁlling and the shift of the transitionenergyEtr with increasing
carrier density N . The latter is described by Eq. 5.3.
Let us brieﬂy discuss the contributions of the different phenomena. Band ﬁllingwill cause a
blueshift of the emissionwith increasing carrier density, which ismainly dependent on theγinh
value of theMQWs. Indeed, systems characterizedwith a large γinh , such as InGaN/GaNQWs
emitting in the visible or near UV [157, 183] or AlGaN/Al(Ga)N QWs emitting in the deep UV
[182] will experience amuch larger blueshift than a systemwith low inhomogeneity such as the
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Table 5.1 – Parameters used for the Schrödinger-Poisson-k ·p and the gain calculations. The
effective masses for the Al0.1Ga0.9N barriers are derived from a linear interpolation between
GaNandAlN values.
Parameter Value Source
Effective electronmass inGaN me,GaN 0.2m0 Ref. [90]
Effective A holemass inGaN mA,GaN 1.8m0 Ref. [90]
Effective B holemass inGaN mB ,GaN 0.45m0 Ref. [90]
Effective electronmass in AlN me,AlN 0.32m0 Ref. [90]
Effective A holemass in AlN mA,AlN 3.1m0 Ref. [90]
GaN layer thickness 6.2 nm HRTEMandXRD
Al0.1Ga0.9N layer thickness 4.8 nm HRTEMandXRD
Internal absorption in thewaveguideαwg 25 cm−1 VSLmeasurements
Exciton binding energy EB 19meV k ·p
ExcitonBohr radius aB 5 nm k ·p
Kane energy EP 17.3 eV Ref. [90]
QWabsorption for the A transitionαA2D (355 nm) 8.7×103 cm−1 Eq. 1.32
QWabsorption for the B transitionαB2D (355 nm) 6.7×103 cm−1 Eq. 1.32
QW refractive index nr (355 nm) 2.7 Ref. [82]
Inhomogeneous broadening γinh 20meV Input parameter
A tr,0
(a) (b) (c)
Figure 5.5 – Experimental netmodal gain spectra and ﬁt parameters used to ﬁt the data. (a) Net
modal gain (continuous lines)measured at RT for the present sample using the VSLmethod.
Fits relying on a Schrödinger-Poisson-k ·p formalism (dashed lines) show a good quantitative
agreementwith experiments. (b) Calculated carrier densities corresponding to the ﬁts shown
in (a). (c) Parameters extracted from themodeling: low carrier density transition energy (black
dots) and average carrier density (red dots). The error bars in (b) and (c) represent the standard
error resulting from the ﬁt procedure.
presentMQWstructure. Bandﬁlling iswell accounted for in themodel through the Fermi-Dirac
distributions. [124].
QWs subjected to a built-in ﬁeldwill experience the usual blueshift observedwith increasing
carrier density, as illustrated in Fig. 5.4. Band gap renormalization arises from interparticle
interactions and causes a redshift that is accounted for by Eq. 1.36:
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ΔEBGR (N )=3.1a2/3B EBN1/3.
E A0 was kept as a ﬁtting parameter in themodel (E
B
0 was ﬁxed at E
A
0 +9meV, corresponding to
the PLEmeasurements of Fig. 3.6) whose value as a function of power density is shown in Fig.
5.5(c). We notice a redshift of E A0 of∼14meV,which is comparable to theMQWenergy spread
deduced from the calculations andCLmeasurements shown in Fig. 3.5(d). This indicates that
the lower-energyQWshave an increasing relativeweight in the gmod spectrawith increasing
pump power, which is consistent with the carrier densities shown in Fig. 5.5(b). Due to the
larger saturation experienced by the higher energy topQWs, the lower emitting bottomones
will be relativelymore populated at higher pumppower, hence explaining the overall redshift of
the gain band. An overall saturation of the pump laser absorption can be observed through the
saturation of the average carrier density in Fig. 5.5(c), as the pumppower density goes beyond
the saturation power density Isat = 300 kW/cm2.
In addition to the narrow gain band andhigh gain values, themoderate shift of the gain band
reported here could prove useful for the realization of deviceswhere the output power needs
to be variedwithminimal changes in the outputwavelength such as SOAs or LDs.
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6 Conclusion and Outlook
6.1 Summaryof the Results
During this thesis work, we have studied light-matter interaction in c-plane III-nitridewaveg-
uides grown by MOVPE on low threading dislocation density (106 cm−2) freestanding GaN
substrates. Thesewaveguides featureGaN/AlGaNMQWs andAlInN cladding layers for optical
conﬁnement, which are nearly lattice-matched toGaN. The absence of lattice-mismatch leads
to a high structural and optical quality, as evidenced by XRD and TEM measurements, and
various spectroscopic techniques. The AlInN claddings provide a large RIC of 7-11% with
Al0.1Ga0.9N between 345 and 370 nm, the presentwavelength range of interest. This contrast
results in a small effective length of the TE0 mode, of 88 and 99 nm, for waveguides with a
thickness of 130 and 170 nm, operating at 345 and 370 nm, respectively. We found an inhomo-
geneous broadening as low as 8meVover 22GaN/Al0.1Ga0.9NQWswith a thickness of 1.5 nm in
PL and 11meVover 14GaN/Al0.1Ga0.9NQWswith a thickness of 6.2 nm inPLE.Note that a large
fraction of the latter value is due to a gradient in built-in electric ﬁeld over theMQWs, andnot
due to structural disorder. This gradient is a consequence of a complex interplay between the
spontaneous polarizationmismatch between the claddings and theMQWregion togetherwith
the residual doping in the active region. Thehigh structural quality leads to a standarddeviation
of only 0.42meV over a 50× 50μm2 area in the XA emission energy. We also observed biexciton
emission from the 1.5 nm wells at higher PL power densities. A presentation of the samples,
togetherwith a detailed discussion of these results can be found inChapter 3. We calculated the
band structure andwe determined the transition energies of theMQWsusing self-consistent
Schrödinger-Poisson k ·p calculations and found a good agreementwith experiments.
InChapter 4,wedescribed theproperties of propagatingpolaritons,which arise fromhybridiza-
tion between GaN/AlGaN MQW excitons with the propagating TE0 waveguide mode. The
strong coupling regime was observed up to 100 K with an average normal mode splitting as
high as 60meVdue to the large overlap between theQWs and thewaveguidemode. Beyond 100
K, the signal intensity is reduced due to decreasing IQE of the active region and canno longer
be measured. However, we expect the strong coupling regime to be maintained up to room
temperature. The guided polaritons feature a decay length of 50 to 100μmand a lifetime of 1-2
ps, which arewell accounted for by residual absorption in thewaveguide. Absorption losses
could be reduced by increasing the Al content in the barriers.
Chapter 5 studies the properties of waveguides featuring 6.2 nmwideGaN/Al0.1Ga0.9NMQWs
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Figure 6.1 – (bottom) Sketch of a ridge polari-
ton waveguide structure. Such a geometry
would provide latteral conﬁnement to the
propagating polaritons and would be more
appropriate for devices. (top) Top view SEM
image of the fabricated structure.
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above theMott transition, where an electron-hole plasma in theMQWs generates optical gain.
Thanks to the large RIC between the core and the cladding layers, a Γ value as large as 48%
is achieved. Consequently, net modal gain values in excess of 80 cm−1 are measured, whose
value is limited by absorption of the near-resonant pump laser. Due to the small disorder in
the sample, the gain band is as narrow as 20 meV. It exhibits a small redshift with increasing
pump power, which is a consequence of the gradient in built-in electric ﬁeld over the QWs.
The measured net modal gain spectra are successfully reproduced using a self-consistent
Schrödinger-Poisson-k ·p formalism.
6.2 Perspectives
The good optical and structural quality of thesewaveguides, togetherwith the high light-matter
coupling strength –which is illustrated by the large values ofΩRabi = 60 meV and gmod = 80
cm−1– provides an ideal platform for light-matter coupling applications on both sides of the
Mott transition.
In the excitonic regime, these structures show great potential for photonic and polaritonic
integrated circuits up to room temperature. In this perspective, ridgewaveguides, as sketched
in Fig. 6.1, with lateral conﬁnement would prove a more practical geometry for devices, as
they would prevent the isotropic propagation of polaritons. Consequently, the signature of
waveguide polaritons should bemeasurable over longer distances (on the order of∼500μm)
and up to nearly room temperature. They would also open the possibility to explore polari-
ton nonlinearities using resonant excitation through a grating coupler, e.g. polariton soliton
wavepackets [16], up to room temperature. For such measurements, metal grating couplers
featuring a short coupling length on the order of∼20μm, are crucial to efﬁciently couple light
into the waveguide. Based on these nonlinearities, active all-optical devices such as optical
logic gates or optical transistors [14, 15] could be developed, with potential applications in
information processing, photonic integrated circuits or sensing [184].
Due to the large overlap between the optical mode and the QWs (we obtained a ratio
Ne f fQW
Le f f
=
100
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0.166QWnm−1), which is a result of the excellent optical conﬁnement by total internal reﬂec-
tion, the exciton-photon coupling g0 is stronger than in III-nitridemicrocavities with a similar
number of QWs. Therefore, the strong light-matter coupling regimemight be achievable using
InGaN/GaNQWs. Inmicrocavities, this regime is challenging to achieve, since the largenumber
ofwells required results in excessive strain, relaxation and large inhomogeneous broadening
[110, 185]. The high
Ne f fQW
Le f f
ratio and small number of QWs required in a waveguide geometry
could result in a situationwhere the inhomogeneous broadening is smaller than g0, and strong
coupling is achieved. The associated reduction in polariton energy has the additional beneﬁt
of easier p-type doping –opening theway to electrically injected polaritonwaveguides– and
reduced absorption. A residual absorption of∼20 cm−1, such as reported in ref. [153] for a 405
nmLD,would result in a decay length of∼500μmand a lifetime of∼6 ps for highly photonic
polaritons. Also for GaN/AlGaN QW-based waveguides, electrical injection is possible, in a
similarway as forUVLDs [25], and a reduction in residual absorptionmight be achievable by
increasing the barrier Al content, or by reducing the impurity levels during growth. Note that n-
and p-dopedAlInN layers have been demonstratedwith a net donor concentration of 9×1018
cm−3 and a net acceptor concentration of 5.3×1018 cm−3, respectively [33, 35]. In AlInN/GaN
superlattices, such as the bottom claddings used here, net acceptor concentrations above
1×1019 cm−3 were reported [35]. The successful application of these layers as claddingmate-
rial in a blue InGaN/GaN-based LD [35] shows that electrically injectedwaveguide structures
operating in the strong light-matter coupling regime could be achieved.
Also for structures operating above theMott transition, i.e. in the electron-hole plasma regime,
the realization of electrically injected lattice-matchedwaveguides iswithin reach. This could
lead to compact LDs or SOAswith low current threshold, elevated gain, narrow gain bandwidth,
and reduced emissionwavelength shift with increasing carrier density. Operation in the 350-
370 nm wavelength range is achievable by implementing the QWs used in this work. Room
temperaturewavelengths below 350 nmcould be reached by increasing the Al content in the
barriers and eventually in thewells [25]. Also for thesewavelengths, structures featuring AlInN
claddings (optionally with In concentrations below 17%), could provide improved material
quality and optical conﬁnement in comparison to their AlGaN-based counterparts.
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A Finite-Difference Time-Domain
Calculations
A.1 What is FDTD?
In a ﬁnite-difference time-domain solver, solutions toMaxwell’s equations are calculated nu-
merically over a determined region in space and time. The starting point of the calculation are
Faraday’s andAmpère’s law
∂B
∂t
=−∇×E, (A.1)
∂D
∂t
=∇×H−J, (A.2)
whereE,H,D andB are the electric andmagnetic ﬁelds, the electric displacement andmagnetic
induction ﬁelds, respectively, and J is the electric current density [186]. In dielectric media,
J=0. For linear nonmagneticmedia, we canwrite D=εrelε0E and B=μ0H, withμ0 the vacuum
permeability. By substituting this in Eq. A.1 and Eq. A.2, we get
∂H
∂t
=− 1
μ0
∇×E, (A.3)
∂E
∂t
= 1
εrelε0
∇×H. (A.4)
This gives us twoequations that link the timederivative of theE(H)-ﬁeld to the spatial derivative
of the H(E)-ﬁeld. This allows to calculate, e.g., the x-component of E(x,y,z) at time t1 in a
leapfrogmanner from the x-component of E(x,y,z) at t1−Δt and the derivativewith respect to
x of the H-ﬁeld between (x− Δx2 ,y,z) and (x+ Δx2 ,y,z) at t1− Δt2 . The other components of E and
H can be calculated in an analogousway. HereΔx,Δy ,Δz andΔt represent the discretization
steps in space and time, respectively. This naturally leads to a staggeredmesh, or Yee grid [187],
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where the values of the electric andmagnetic ﬁelds are sampled at different points in space and
time, offsetbyhalf of thediscretization step. Doing soallows the timeandspacederivatives tobe
formulated as center-difference approximations. Further details can be found ,e.g., in ref. [188].
In order to reach numerical accuracy, at least 10 sampling points perwavelength are required
[188]. Additionally, the spatial discretization steps along a certain direction should be sub-
stantially smaller than the smallest feature of the structure in that direction. In the structures
studied in this work, the QWs are the smallest feature in the y-direction that will determine
Δy . The time step is determined by the size of the spatial grid. Since electromagnetic waves
propagate at the speed of light in themedium, cnop , the time step should correspond to the time
required to cross the diagonal of a cell at this speed [188].
In typical time-domain calculations, all ﬁelds are zero over the entire region before t=0. Then,
source ﬁelds –usually aGaussian pulse electric dipole sourcewith aGaussian envelopemod-
ulating a sinusoidal oscillation in the time domain and aGaussian proﬁle centered on the sinus
frequency in the frequency domain– are added to one or more pixels at t =0. The generated
electromagneticwaves propagate through the structure for a certain simulated time, typically
until all ﬁelds have died out.
Since computermemory and computation time are limited, the simulation region and simu-
lated timemust alsobe limited. Several options exist for theboundariesof the simulation region.
Periodic or Bloch boundary conditions can be used in case of a periodic structure. Perfectly
matched layers (PMLs) [188]–which are designed such that all incident radiation is absorbed
andnot reﬂected– could be used to simulate an isolated structure, where all electromagnetic
waves eventually go to inﬁnity.
Inmost cases, we are interested in the spectral behavior, rather than the temporal one, of the
optical structure under investigation. This can be achieved by taking the Fourier transformof
the recorded ﬁelds. Therefore, the sourcemust cover the frequency range of interest.
A.2 Calculating Eigenmodes and Eigenfrequencies of aResonator
To track the resonantmodes of a cavity orwaveguide using FDTD, the following procedure is
used. A source, covering the frequency range of interest, is located in the resonator. The ﬁelds
are left propagating in the structure for a sufﬁciently long time, until only the constructively
interfering eigenfrequencies are left, and the other frequencies have died out. We observe a
peak in the emitted power of the source in the frequency domain for the eigenfrequencies.
This power is proportional to the local density of optical states (LDOS) in thewaveguide [189]
and the presence of a peak in the LDOS indicates a resonant mode. The spatial distribution
of the ﬁelds at such an eigenfrequency corresponds to the eigenmode proﬁle. One should be
careful in positioning the source, as a source located at a node of the eigenmode, or with a
polarization perpendicular to the eigenmode polarizationwill not couple to thismode. As such,
the eigenmodewill not appear in the simulation results.
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Figure A.1 – Simulation region for the FDTD
dispersion calculations. One period of the
grating coupler is included in the simulation,
while the rest of the structure is added through
the Bloch boundary conditions. Field monitor
A records the guided mode proﬁle of the eigen-
modes, while the spatial Fourier transform of
ﬁeldmonitor B gives the far-ﬁeld emission angle
of the outcoupled light.
In this case, we are interested in the dispersion of a 2D slabwaveguide, i.e. the eigenfrequency
as a function of the in-planewavevector. To calculate this, we ﬁrst calculate the eigenmodes
and -frequencies for a single, well determined, in-planewavevectorβ along z. For this reason, a
planewave source –which is essentially a collection of line sources in the xz-planewith a phase
relation exp(iβz) between them– is used, which assures that all injected ﬁelds, and therefore
the calculated eigenenergies, correspond to the correctβ. When using a planewave source, it is
essential to use Bloch boundary conditions, which conserve the phase relation, in all directions
which are not parallel to the source. In our case, we have a 2D simulation in the yz-plane (with
y the sample growth direction and z the propagation direction of the guided modes), since
the structure is supposed to be extended inﬁnitely in the x-direction. The Bloch boundary
condition for the z-direction then becomes in phasor notation
E(y,z1+R)=E(y,z1)exp(iβR) and H(y,z1+R)=H(y,z1)exp(iβR), (A.5)
where z1 and z1+R are the location of the left and right boundary, respectively.
In addition to the in-planewavevector, the corresponding grating coupler emission angle can
be calculated by integrating at least one period of the grating coupler in the simulation region,
as illustrated in Fig. A.1. The far-ﬁeld emission angle can be calculated from the spatial Fourier
transformof the ﬁelds above the grating coupler. Repeating the calculation for different values
ofβ results in the desiredmode dispersion. This procedure is illustrated in Fig. A.2.
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Figure A.2 – Illustration of the 2D-FDTDcalculations of thewaveguidemode dispersion. The
emitted power P from the waveguide grating is calculated in the far ﬁeld as a function of
emission angle and energy for a broadband sourcewith ﬁxed in-planewavevectorβ. The peak
in emitted power corresponds to the guidedmode spectral position. Calculations are repeated
for different values ofβ to reproduce themodal dispersion.
These calculationswere performed using Lumerical FDTD solutions [154]. We can determine
the emission angle and energy of the guidedmode corresponding to this particular in-plane
wavevector from the peak position. Note that the peak in the LDOSdisappearswhen approach-
ing the exciton energy due to increasing absorption. We limited the spectral range of the
calculation at theMQWband edge energy (3.64 eV) on the high-energy side in order to avoid
problems related to the cusp shape in theMQWrefractive index dispersion close to the band
edge, whichwas illustrated in Section 1.2.6. Lumerical FDTDuses a Lorentz oscillatormodel
for sampled refractive index data that does not ﬁt verywell to this type of features [190]. This
limits the rangewherewe can calculate theUPB. The parameters used tomodel the refractive
index of the layers are summarized in Table A.1.
Table A.1 – Parameters used for the 2D-FDTDcalculations at T = 4K of sample S1.
Parameter Value at 4 K Comment
EX (AlGaN) 3.683 eV Deduced fromPRmeasurements
EB (AlGaN) 28.1meV Linear interpolation between bulk values
of GaN (25meV) [91] andAlN (56meV) [92]
EX (QW) 3.599 eV Deduced fromPRmeasurements
EB (QW) 40meV ref. [101]
Γinh(QW) 8meV Deduced fromPLmeasurements
Γhom(QW) Negligible
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B Experimental Methods
This Appendix discusses the experimental techniques that were deployed in the framework
of this PhD thesis. Section B.1 explains the methods used in the fabrication process of the
grating couplers, while Section B.2 sheds light on the spectroscopic techniques applied for the
characterization of thewaveguides.
B.1 Nanofabrication
B.1.1 Plasma-Enhanced Chemical Vapor Deposition
Chemical vapor deposition (CVD) techniques rely on the reaction of chemicals in the gas phase
to growaﬁlmof thedesiredmaterial. In traditionalCVD techniques, suchasMOCVD,described
in Section 1.1.3, the chemical reaction energy is provided bymaintaining the substrate at an
elevated temperature. In plasma-enhancedCVD (PECVD), however, part of the reaction energy
is provided by a radio-frequency (RF) plasma source, allowing a lower deposition temperature,
down to 100◦C in some cases. In this work, anOxford Plasmalab System100, which is sketched
in Fig. B.1, was used for the deposition of amorphous SiO2 ﬁlms. It operates by injecting the
precursor gases –amixture of 98%N2 and 2%SiH4 as a Si precursor andN2O as anOprecursor–
between two parallel electrodes. The bottom electrode carries the substrate, which is heated to
300◦C, and is grounded, while the top one applies the RF voltage. A plasma is generated by the
oscillating electric ﬁeldwith a power of 20W, and the reactant species are excited. This allows
the desired reaction to occur on the substrate, resulting in the deposition of the SiO2 ﬁlmwith
a rate of∼64 nm/min in this case. SiO2 layers depositedwith this technique have a very low ab-
sorption in theUV (∼1 cm−1 around 345 nm, asmeasuredwith a Cary 500 spectrophotometer).
Besides SiO2, PECVD is also commonly used for depositionof Si3N4, SiC andamorphous silicon.
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Figure B.1 – Sketch of the PECVD
reactor. Reproduced from [191].
B.1.2 ElectronBeamLithography
In lithography, thesample is coveredwithaphotosensitive, foroptical lithography, orelectrosen-
sitive, for electron beam lithography, resist layer, which undergoes a chemical modiﬁcation
under exposurewith light or electrons, respectively. After exposure, the sample is developped in
a solution that removes only the exposed regions, for a positive resist, or only the non-exposed
regions, for a negative resist. Subsequent etching techniques allow to transfer the created resist
pattern to the layers underneath. After this step, the resist layer is typically no longer needed
and is removed. Alternatively, in caseswhere etching is chemically not possible or practically
difﬁcult, thematerial to be patterned can be evaporated onto the patterned resist. The latter is
subsequently removedwith the evaporatedmaterial on top,while thematerial on the resist-free
regions remains. This process is called lift-off.
The resolution and minimal feature size that can be obtained with this technique depends
mainly on thewavelengthλ of the radiation used, as described by the Rayleigh equation
lmin = c1λ
NA
, (B.1)
where c1 is a constant that accounts for the speciﬁc factors related to the resist, development, etc.
of the process, andNA is the numerical aperture of the optical system. The shortest wavelength
optical lithography systems that are commercially available are based on 193 nmArF excimer
lasers. Since the grating couplerswewish to fabricate for thiswork have a feature size of∼65
nm, this is not possiblewith optical lithography.
The relativistic de Broglie wavelength of an electronwith kinetic energy Ek is given by
λe = hc
pc
= hc√
E2k+2Ekm0c2
, (B.2)
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Figure B.2 – Schematic illustration of an electron beam lithography system. Reproduced from
[192].
where h is Planck’s constant, p is the electronmomentum, and m0c2=511 keV is the electron
rest mass. For a commonly used acceleration voltage of 100 kV, this results in Ek = 100 keV
andλe =3.7 pm. This very small value implies that amuchhigher resolution can be obtained
with electron beam (e-beam) lithography compared to optical lithography. In practice, the
resolution is not limited by diffraction, but by the quality of the objective lens, electron-electron
repulsion in the focus point (which increases the spot size) at high current, and backscattered
electrons from the substrate. These backscattered electrons are typically spread over a region
with∼50 μm radius around the beam focus. This implies that the effective dose will depend
on the distance to other features in the pattern. This phenomenon is known as proximity effect.
Inmany cases, the exposure dose is corrected for this effect.
The ﬁrst dedicated e-beam resists have been developed in the late 1960s[193]. The ﬁrst electron
beamexposure system,whichwas based on amodiﬁed SEM,was reported by Bell Laboratories
in 1975 [194].
A typical e-beamexposure system is sketched in Fig. B.2. It consists of
• An electron column containing (from top to bottom): (i) an electron gun from which
the electrons are emitted, (ii) an ensemble of electromagnetic coils, called lenses, that
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collimate the electron beamand an ensemble of apertures that control the current, (iii) a
beamdeﬂection systemwhere a set of electromagnetic coils is used todeﬂect the electron
beam over the sample to the area that needs to be exposed, and (iv) an ensemble of
focusing and objective lenses to focus the beam on the sample. The whole column is
under high vacuum (<10−8 mbar) to ensure amean free path that is substantially longer
than the column.
• A mechanical system, comprising of a stage, which moves the sample in the xy-plane,
and a load lock chamberwith loading arm.
• Control electronics tomanage the entire system.
• A workstation with software to handle the pattern preparation, the conversion from a
computer-aided design (CAD) ﬁle to awriting ﬁle readable by themachine, the control
of the exposure procedure and the overallmonitoring andmaintenance of the e-beam
equipment.
In thisworkweusea100kVVistecEBPG5000 systemat thecenter formicroandnanotechnology
(CMi) at EPFL. The beamdeﬂection systemallows amaximumdeﬂection of±100μminboth
the x and y directions. This implies that structures larger than the 200μm× 200μmﬁeld size
will bedivided in smaller pieces thatwill bepatternedon their respective locationon the sample
through amovement of the xy-stage. This can lead to stitching errors.
In this work, we use ZEP 520A (based on styrene methyl acrylate) as an etch mask resist and
PMMA for lift-off. Both are positive resists.
B.1.3 Inductively-Coupled PlasmaReactive Ion Etching
RIE uses a chemically reactive plasma in a low-pressure environment to removematerial from
the sample. High-energy ions from the plasma attack the exposed sample surface and form
volatile products, which are subsequently evacuated. In an ICP RIE machine, the plasma is
generated by anRFpoweredmagnetic ﬁeld, which results in a high-density plasma. This dry
etching technique (referring to the absence of any liquid phase in the process) produces an
anisotropic downward etch, opposed to the very isotropic etching in awet etch process.
In this work, we use an SPTS Advanced Plasma System at CMi EPFL. This ICP RIE system is
optimized for etching dielectrics. WeuseCHF3/SF6 etch chemistry, which produces a gentle
etchof SiO2 at 165nm/minwith a 2:1 selectivity to ZEP,while generatingminimal damage to the
latter. Other etch chemistries canburn theZEP,whichmakes it impossible to removeafterwards.
B.1.4 Metal Evaporation and Lift-off
Al grating couplerswere also fabricated in the framework of this thesis. Since it is not straight-
forward to etch Al layers with a good quality result, a lift-off procedure is used. Themain aspect
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Figure B.3 – Sketch of a patterned PMMA
resist doublelayer after exposure, devel-
opment and Al evaporation. 495 and
950 refer to themolecularmass, while A2
refers to the concentration of PMMA in
anisole.
to obtaining good quality lift-off is to avoid a continuous connection of the depositedmaterial
between the regions which should remain, and the ones that will be lifted-off. Indeed, if a
continuous ﬁlm is formedover the regionswith andwithout resist, then (i) the solvent that is
used to dissolve the resistmight not be able to reach the resist layer, and (ii) the patches that
are supposed to stay on the samplemight be lifted-off with the other parts. For this reason, the
resist and deposition technique are chosen to avoid this type of contact.
For the resist, we use a PMMAdoublelayer with differentmolecularmasses, i.e. different chain
lengths. First, we spin-coat a layer of PMMA 495 (with a molecular mass of∼495 000 proton
masses), and subsequently a second layer of PMMA950 (molecularmass of∼950 000 proton
masses). Since the shorter chains aremore easily removed by the developer after themolecular
chain scission events during the exposure, PMMA495 has a lower threshold dose for removal.
Consequently, every featurewill be slightly oversized in the PMMA495 layer, compared to the
PMMA950 layer and therewill be an undercut in the resist layer. This is illustrated in Fig. B.3. As
a result,material that is deposited anisotropically fromnormal incidencewill be disjoint from
the resist layer, and therefore also disjoint from thematerial deposited on the remaining resist.
Thiswill be true if the deposited layer is around a factor of two thinner than the bottom resist
layer (empirical rule of thumb).
For this reason, the deposition technique should behighly directional, with a very small angular
distribution around the sample normal. Therefore, we use a LeyboldOptics LAB 600H e-beam
evaporator at CMi, EPFL to deposit the Al layer. In this tool, the sample is placed upside down
in a vacuumchamber above a crucible ﬁlledwith solid Al. The Al is locally heated by an electron
beam, which causes Al atoms to evaporate. The large working distance of 1 m between the
crucible and the sample results in a small angular spread of ±0.5◦, which is ideal for lift-off.
A second advantage of the longworking distance is that the sample can bemaintained close
to room temperature, which avoids damaging the resist. There are also two downsides to a
large working distance. First, since the evaporated species are diluted over a large area, the
deposition rate is low, on the order of∼100 nm/h. Second, a large chamber takes a long time
to pumpdown to lowpressure, which is required to ensure amean free path that is substantially
larger than theworking distance. The LAB 600Hhas a powerful two-stage cryogenic pump that
allows to reach 10−6 mbar (corresponding to∼100mmean free path, which is sufﬁcient for the
process) after around 1 h of pumping.
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B.2 Optical Characterization
B.2.1 Photoluminescence
PL is one of themost commonly used techniques to investigate the optical properties of bulk
semiconductors and semiconductor nanostructures. In PL, carriers are generated by a laser
with a photon energy that is superior to the bandgap of the sample under investigation. Sub-
sequently, the emitted light from the sample is collected and sent to a spectrometer for analysis.
Themain advantage of this technique is that in addition to extended states, localized or bound
states can also be probed, contrary to the case of absorption-based techniques, such as photo-
luminescence excitation or photoreﬂectance, explained below,where these states are difﬁcult
to probe due to their small oscillator strength.
PL experimentswere conductedwith the samplemounted in a closed-cycle heliumcryostat.
The cryostat has a heating element with a proportional–integral–derivative (PID) controller
that allows tomaintain the sample at any temperature between 11 and 350 Kwith a precission
of±0.1 K. Photocarriers were generated using aCWHeCd laser at 325 nmwith the laser beam
focused down to a 50μmdiameter spot size on the sample. The resulting emissionwas imaged
onto the entrance slit of a 32 cm focal lengthHoriba iHR 320monochromator equippedwith
a Peltier-cooled back-illuminatedUV-enhancedCCD.
In μ-PL measurements, the same principle is applied, but the excitation and collection hap-
pen through amicroscope objective in back-scattering geometry. This results in a small laser
spot size below∼5μm. For theμ-PLmapping experiments (a hyperspectral imagewhere an
emission spectrum is recorded for every pixel), the excitation laser beamwas spatially ﬁltered
to approach aGaussian beamproﬁle, which results in a reduced spot size below 1μm.
Theμ-PL experimentswere performedwith the samplemounted in a cold-ﬁnger continuous-
ﬂow liquid-heliumcryostat. This cryostat allows to control the sample temperature between
4 and 350 K with a precision of ±0.2 K through a heating element with PID controller. A CW
frequency-doubled Ar+ laser emitting at 244 nmwas used for the excitation inmost of the ex-
periments. Alternatively, we used the fourth harmonic of aQ-switchedNd:YAG laser operating
at 266 nm, emitting 440 ps long pulses with a repetition rate of 9 kHz. The laser beam was
coupled into an 80×UV microscope objective. The emitted light was collected through the
same objective lens and sent to the spectrometer entrance slit by two lenses. The spectrometer
consists of a liquid-nitrogen cooled back-illuminatedUV-enhancedCCDmounted on a 55 cm
focal lengthmonochromator.
Time-Resolved Photoluminescence
In TRPL, the PL emission intensity ismonitored as a function of time. This gives information
about the carrier dynamics in the structure under investigation. To achieve this, a pulsed laser is
used for excitation and a streak camera ismounted on themonochromator. Incoming photons
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from the sample areﬁrst horizontally dispersed according to theirwavelengthby themonochro-
mator grating and then hit a photo-cathode which subsequently emits electrons due to the
photo-electric effect. These electrons are accelerated and pass in between two capacitor plates,
which apply an oscillating vertical electric ﬁeld, synchronized to the laser repetition frequency,
in the so-called synchroscanmode. Consequently, the electrons are vertically deﬂecteddepend-
ing on their time-delaywith respect to the laser pulse. Finally, the electrons hit a ﬂuorescence
screen, which is imaged on aCCD.With this conﬁguration, we can read the photonwavelength
on thehorizontal axisof theCCD,and the timedelayon thevertical axis ina singlemeasurement.
TRPL experimentswere performedbyDr. Gwénolé Jacopin at EPFLwith the samplemounted
in a closed-cycle helium cryostat at T = 15 K. The third harmonic of a Ti:Al2O3 mode-locked
laser (with pulse width of 2 ps and repetition rate of 80.7 MHz) was used, with the excitation
wavelength set to 285nm. ThePLdecaywas recordedwithaHamamatsu streak cameraworking
in synchroscanmodemounted on a 32 cm focal lengthHoriba iHR 320monochromator. The
temporal resolution of this setup is∼5 ps.
B.2.2 Cathodoluminescence
The electron beam in a SEMcan also be used to generate carriers in a semiconductor sample.
When a primary electron passes by the samplewith∼kV-level kinetic energy, the Fourier trans-
formof the transient electric ﬁeld that is seenby the sample contains frequency components up
to several tens of eV. Thismeans that electronic transitions up to these energies can be realized
using such an electron beam,which acts as a broadband excitation source. In CL, the resulting
light emission is collected by amirror and sent to a spectrometer for analysis. This technique
is ideal for the study of wide bandgap semiconductors for which excitation lasers above the
bandgap energy are hardly available. Additionally, the small size of the excitation spot on the or-
der of∼10nmallows to probe the spatial variation of the optical propertieswith high resolution.
By raster scanning the electron beam, high-resolution hyperspectral images can be created.
TheCL spectroscopy experiments shown in this workwere performed byDr. Gwénolé Jacopin
in an Attolight Chronos CL microscope operating at T = 11 K with an acceleration voltage of
2 kV. TheCL emissionwas recorded in hyperspectralmode (64 pixels× 64 pixels) with a dwell
time of 10ms using aHoriba iHR 320monochromator coupled to a Peltier-cooledCCD.
B.2.3 Photoluminescence excitation
PLE spectroscopy is an absorption technique that allows to probe the intrinsic states of semi-
conductor (nano)structures. A tunablemonochromatic light source1 is focused on the sample
and the intensity of the emitted light ismeasured for each excitationwavelength. The emitted
intensity will peak if the absorption reaches a maximum, i.e. if the laser is resonant with an
electronic transition in the sample.
1This can be a tunable laser or a broadband lampﬁltered by amonochromator.
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ThePLEmeasurements presentedherewereperformedbyDr. GordonCallsen at TUBerlinwith
the samplemounted in a cold-ﬁngerhelium-ﬂowcryostat. Weuseda tunabledye laser as excita-
tionsourcewith2-methyl-5-t-butyl-p-quaterphenylasactivemedium,dissolved in1,4-dioxane.
The dye laserwas pumpedby a XeCl excimer laser emitting at 308 nmwith a repetition rate of
100Hz, enablingapulsedurationof 12ns for thedye laser. Theexcitation laserhas a linewidthof
40μeV and a side-mode suppression ratio of two orders ofmagnitude. The excitation lightwas
impinging on the sample at an incidence angle of 45 degreeswith respect to the sample normal
and focused using aUV achromatic lens doublet with a focal length of 20 cm leading to an exci-
tation spot sizediameter of∼100μm. The sample luminescencewas collected along thenormal
to the sample and imaged onto a Spex 1404 doublemonochromatorwith 85 cm focal length.
This geometry efﬁciently suppresses reﬂection of the laser light into the detection linewhile
the doublemonochromator unit further reduces the laser stray light. Thismonochromatorwas
equippedwith two 1200 l/mmgratings (500 nmblazewavelength) employed in second order
to achieve an optical resolution better than 50μeV in thewavelength region of interest. Finally,
the dispersed lightwasmonitoredwith aUV-enhancedCCD. For each excitationwavelength,
we recorded a PL spectrumhence leading to so-called polychromatic PLE scans.
B.2.4 Photoreﬂectance
PR is a type ofmodulation spectroscopy and a powerful optical technique to study and char-
acterize the properties of semiconductors. The concept behind modulation spectroscopy
techniques is to measure and interpret changes in the sample’s optical response caused by
modifying the measurement conditions. This results in sharp derivative-like features at the
critical points in the sample’s band structure. In photoreﬂectance, the change in reﬂectance
ΔR ismeasured under optical injection of carriers in the sample by a laser source.
The PR setup thatwas used in this workwas developed byChristianMounir in the framework
of hisMaster’s thesis at EPFL-LASPE [195] and is shown in Fig. B.4. The samplewas placed in
a closed-cycle heliumcryostat. Carrierswere generated by a frequency-quadrupledNd:YAG
laser emitting at 266 nm, mechanically chopped at 170 Hz. The laser spot was defocused to
a diameter of ∼1 mm, to ensure a low carrier injection regime and to avoid screening of the
built-in electric ﬁeld in theQWs. The incident probe light on the sample (spot size∼500μm)
was coming froma xenon lamp coupled to amonochromator. The reﬂected light intensity was
measuredbyaUV-enhancedSiphotodiodeand themodulation–causedby thephotogenerated
carriers –was controlled by a lock-in ampliﬁer.
B.2.5 Variable Stripe Length Method
The VSL method is a technique that allows to measure the net modal gain in a waveguide
structure andwas ﬁrst developed in the early 1970’s at Bell labs [196].
The VSL setup used herewas ﬁrst constructed byMarcoMalinverni in the framework of his PhD
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Figure B.4 – Schematic representation of the photoreﬂectance setup. Reproduced from [195].
thesis at EPFL-LASPE [157] and is shown in Fig. B.5. The measurements were performed on
the waveguide sample at 300 K. The sample was pumped from the sample surface with a 25
μmwide and a 400μm(L) or 800μm(2L) long rectangular laser spot. We use the third (fourth)
harmonic of aQ-switchedNd:YAG laser operating at 355 (266) nm, emitting 520 ps (440 ps) long
pulseswith a repetition rate of 8.7 kHz (9 kHz),whichwasmagniﬁedusing a10×beamexpander
and then refocused with a cylindrical lens. The beam was clipped at the correct position to
achieve a pump stripe of the desired length. We aligned the samplewith themaximumof the
beamproﬁle to ensure a homogeneous excitation stripe. The light generated in thewaveguide
was collected from a cleaved facet with an optical ﬁber using either two lenses to focus the
emission in the ﬁber (as shown in Fig. B.5) or end-ﬁre couplingwithout any optics (not shown),
and subsequently sent to aHoriba iHR 320 spectrometer with a Peltier-cooled CCD. The net
modal gain gmod was determined by comparing the intensities of themeasured signal for the
two stripe lengths I2L and IL [196]:
gmod (λ)=Γg (λ)−α(λ)=
1
L
ln
(
I2L(λ)
IL(λ)
−1
)
, (B.3)
whereΓ, g (λ), andα(λ) are theoptical conﬁnement factor, thematerial gain, and thewaveguide
absorption losses, respectively.
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Figure B.5 – (a) Schematic representation of the variable stripe length setup. The sample and
collection optics aremounted on the same stage in order to align the samplewith respect to the
laser stripemaximum,without affecting the collection alignment. (b)Detail of the pumping
scheme and stripe length control. Reproduced from [157].
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